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1.  Introduction 


The  purpose  of  this  research  activity  is  to  improve  our  understanding  of  the  Earth's 
radiation  belts  in  the  energy  range  >  18  keV.  At  present,  the  dynamics  of  the  radiation  belts  are 
only  poorly  understood.  This  is  exemplified  in  the  unexpected  appearance  of  a  new  inner  belt 
(Mullen  et  al.,  1991  and  Gussenhoven  et  al.,  1991)  and  the  injection  of  >  10  MeV  particles  into  the 
slot  region  (  Vampola  and  Korth,  1992;  Blake  et  al.,  1992;  Voss  et  al.  1992a)  at  the  time  of  the  24 
March  1991  storm.  What  the  data  show  (Gussenhoven  et  al.,  1991  )  is  that,  depending  on  orbit, 
both  the  existing  proton  and  electron  models  can  give  large  errors  in  dose  that  can  compromise 
space  system  performance  and  lifetime.  The  Combined  Release  and  Radiation  Effects  Satellite 
(CRRES)  is  overcoming  this  problem  by  making  state-of-the-art  measurements  in  the  relevant 
magnetospheric  particle  trapping  and  precipitation  regions  as  illustrated  in  Figure  1. 

Models  exist  for  the  radiation  belt  environment,  but  certain  important  features  such  as  the 
energetic  neutral  and  ion  mass  component  are  not  well  known.  The  belts  are  also  quite  variable  in 
regard  to  intensity,  energy,  and  composition.  Large  particle  doses  can  result  from  solar  particle 
events  and  these  occur  in  a  somewhat  random  and  unpredictable  manner.  Therefore,  for  an 
accurate  knowledge  of  the  radiation  environment  in  space,  it  is  necessary  to  perform  in  situ 
measurements  at  the  times  and  positions  of  concern.  Such  measurements  have  been  performed  on 
the  CRRES  satellite  and  permit  the  development  of  a  comprehensive  database. 

The  IMS-HI  instrument  (ONR  307-8-3)  on  the  CRRES  satellite  (see  Appendix  I)  has  the 
unique  features  that  it  is  able  to  measure  mass  and  energy  (18  keV  <  E  <  2  MeV)  simultaneously 
with  100%  duty  cycle,  has  a  large  geometrical  factor  and  count  rate  dynamic  range,  and  has  good 
background  rejection  because  the  ion  mass  peak  to  valley  ratio  is  measured.  The  neutral  detector  in 
the  IMS-HI  instrument  is  providing  the  first  neutral  atom  model  of  the  Earth's  radiation  belts.  The 
ONR  307-3  Spectrometer  for  Electrons  and  Protons  (SEP)  measures  with  fine  pitch-angle 
resolution  the  flux  of  energetic  electrons  in  the  energy  range  of  20-keV  to  5  MeV  and  flux  of 
energetic  protons  in  the  energy  range  500  keV  to  100  MeV. 

To  understand  and  model  the  radiation  belts  it  is  essential  that  the  geometry  and  dynamics 
of  the  belts  be  properly  taken  into  consideration.  The  first  area  of  investigation  was  to  intercalibrate 
the  IMS-HI  instrument  with  ions  from  the  IMS-LO  instrument  and  with  protons  from  the  SEP 
instrument.  Limited  intercalibrations  were  also  made  with  the  AFGL  EPAS  and  Protel  instruments 
during  the  24  March  1991  storm  period.  Because  the  IMS-HI  neutral  atom  capability  was  unique 
to  the  CRRES  satellite,  the  data  near  perigee  were  investigated  first  to  "intercalibrate"  with  previous 
low-altitude  satellite  measurements  (Voss  et  al.,  1992c). 

A  series  of  computer  programs  were  then  developed  as  outlined  in  Section  3.3  to  process 
the  IMS-HI  data  for  a  comprehensive  radiation  belt  model.  Of  particular  concern  in  these  models  is 
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Figure  1  CRRES  orbit  plane  with  respect  to  the  relevant  magnetospheric  panicle  regions 
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the  rejection  of  background  counts  and  the  organization  of  the  data  according  to  location  and 
magnetic  storm  dynamics.  It  has  become  very  apparent  in  the  CRRES  data  that  storm  time  activity 
causes  major  transport  and  injection  of  panicles  in  radiation  belts.  These  topics  are  discussed  in 
Sections  3.4  and  3.5. 

Of  particular  excitement  is  the  preliminary  finding  that  the  magnetic  shock  on  the 
magnetosphere  by  a  large  storm  can  penetrate  down  to  L- shells  as  low  as  2.0.  A  simple  model 
using  an  image  dipole  moving  toward  the  earth  is  used  to  simulate  the  shock.  The  data  from  this 
simple  model  can  explain  much  of  the  observed  CRRES  data  for  the  24  March  event  1991.  This 
transport  and  acceleration  mechanism  is  crucial  to  the  proper  modeling  of  the  radiation  belts. 

2.0  Experiment  and  Data 

2.1  Medium  Energy  Ion  Mass  Spectrometer  (IMS-HI) 

The  primary  objective  of  the  medium  energy  ion  mass  spectrometer  (ONR  307-8-3)  on  the 
CRRES  satellite  is  to  obtain  the  necessary  data  to  construct  models  of  the  energetic  ion  (10  to  2000 
keV-AMU/q^)  and  neutral  atom  (10  to  1500  keV)  environment  of  the  Earth’s  radiation  belts.  The 
spectrometer  (Voss  et  al.,  1992b)  measures  the  energetic  ion  composition,  energy  spectrum, 
charge,  and  pitch  angle  distribution  with  good  mass,  temporal,  and  spatial  resolution.  The  ion 
rejection  in  the  neutral  detector  is  <100  MeV-AMU/q^.  The  instrument  principle  of  operation  is 
based  on  ion  momentum  separation  in  a  7  kG  magnetic  field  followed  by  energy  and  mass  defect 
analysis  using  an  array  of  cooled  silicon  solid-state  detectors.  The  architecture  is  parallel  with 
simultaneous  mass  and  energy  analysis  at  relatively  high  sensitivity  (100%  duty  cycle).  The 
instrument  is  performing  as  designed  in  orbit  with  the  major  groups  of  hydrogen,  helium,  oxygen, 
and  neutrals  clearly  resolved. 

The  conceptual  instrument  design  is  given  in  Figure  2  and  the  specifications  are  given  in 
Table  1.  An  entrance  collimator  defines  the  ion  beam  angular  resolution  using  a  series  of 
rectangular  baffles  and  includes  a  broom  magnet  to  reject  electrons  with  energy  less  than  1  MeV. 
A  7-kG  magnetic  field  then  disperses  the  collimated  ions  onto  a  set  of  six  passively  cooled  (-40‘C) 
silicon  surface  barrier  detectors.  The  energy  range,  which  varies  with  ion  species,  is  approximately 
EM/q2=  10-2000  keV-AMU/q^  A  seventh  sensor,  located  directly  in  line  with  the  collimator, 
measures  energetic  neutrals. 

Solid-state  detectors  1-7  are  located  at  angle,  8,  of  40’,  65’,  90’,  1 15*.  140*  162.5*,  and 
1 80’,  respectively.  Solid-state  detectors  1-6  are  n-type  silicon  having  either  20  or  40  micrograms 
cm'2  of  gold  surface  deposit  The  neutral  detector  is  of  p-type  silicon  to  improve  light  rejection 
and  radiation  damage  sensitivity  and  has  20  micrograms  cm‘2  of  aluminum  surface  deposit.  The 
energy  loss  in  surface  barrier  windows  for  H,  He,  and  O  is  discussed  by  Voss,  1982.  The  mass 
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Table  1  Medium  Energy  Ion  Mass  Spectrometer  (IMS-HIl  Specifications 
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defect  in  solid-state  detectors  results  from  energy  loss  of  non-ionizing  nuclear  collisions  within  the 
solid  that  reduce  the  efficiency  of  electronic  signal  genration.  The  mass  defect  increases  with 
atomic  weight  of  the  nuclei  in  a  well  understood  way  and  causes  further  mass  separation,  with 
commensurate  energy  scatter,  for  the  heavier  nuclei. 

Two  basic  modes  of  instrument  operation  are  used:  Mass  Lock  and  Mass  Scan.  In  the  Mass 
Scan  mode  each  of  the  seven  solid-state  detectors  is  pulse  height  analyzed  into  256  levels  of  which 
64  intervals  are  accumulated  in  memory  and  read  out  every  eight  seconds.  This  mode  is  used  to 
scan  all  mass  peaks  within  the  range  of  the  sensor  relative  to  the  background  continuum.  In  the 
Mass  lock  mode,  each  of  the  seven  solid-state  sensors  is  pulse  height  analyzed  into  256  levels,  of 
which  four  intervals  (typically  four  ions)  are  accumulated  in  memory  and  read  out  every  one-half 
second.  This  mode  is  used  for  making  rapid  spectral  snapshots  of  four  ions  as  a  function  of  pitch 
angle.  Baseline  operation  of  the  instrument  was  a  toggle  mode  (32.768  seconds)  between  Mass 
Lock  mode  and  the  Mass  Scan  mode.  Additional  information  on  the  IMS-HI  instrument  is  given  in 
Appendix  I. 

2.2  Spectrometer  for  Electrons  and  Protons  (SEP) 

The  SEP  design  is  based  on  the  heavily  successful  SC-3  spectrometer  (Reagan  et  al.,  1981) 
flown  on  the  SCATHA  mission.  Unlike  the  single-detector  system  used  on  SCATHA,  SEP 
consists  of  three  solid-state  particle  spectrometers  oriented  at  40’,  60*,  80’  from  the  spacecraft  spin 
axis.  A  cross-sectional  view  of  one  of  the  telescopes  is  shown  in  Figure.  3.  Each  spectrometer  has 
four  detector  elements  labeled  A,  D,  E,  and  E’.  Various  logic  combinations  of  the  four  detector 
elements  in  each  spectrometer  are  used  to  determine  the  particle  types  and  energy  ranges  which  are 
measured  sequentially.  The  operational  modes  of  each  telescope  are  individually  commandable. 

Each  of  the  three  identical  SEP  particle  telescopes  has  a  high-resolution,  3*  (FWHM)  field 
of  view  provided  by  a  long  collimator  (20  cm)  containing  10  baffles.  The  collimators  are  identical 
to  the  ones  used  on  the  SC-3  instrument  (Reagan  et  al.,  1981)  providing  an  instrument  geometric 
factor  of  ~3  x  10" 3  cm^  sr.  For  the  80*  and  60*  telescopes,  measurements  over  12  energy  channels 
are  obtained  every  0.25  seconds  with  a  dead  time  of  2  millisecond.  Due  to  telemetry  restrictions, 
the  40*  telescope  accumulates  for  0.5  seconds  with  a  dead  time  of  4  millisecond.  Specifications  for 
the  SEP  instrument  are  given  in  Table  2.  Additional  instrument  details  are  given  in  the  SEP 
ir  .trument  paper  by  Nightingale  et  al.,  1992  (Appendix  II). 


5 


Table  2 
ensor  A 


SEP  Specifications 


Sensor  A 

Sensor  B 

Censor 

Energy  range. 

Width, 

Energy  range. 

n 

MeV 

MeV 

MeV 

MeV 

i 

ifljgaaai 

0.041  -.3 13 

0. 

2 

0.164-4.93 

0.397 

0.171-5.12 

E 

0.170-5.1  1 

0 

1 

0.875-6.60 

0.478 

0.916-6.7 

0.920-6.8 

0 

2 

2.5-38.7 

3.01 

2.2-33.7 

2.62 

2.0-30.4 

- 

3 

35.8-80.2 

31.2-69.9 

3.22 

28.2-63.1 

- 

4 

45-94 

45-105 

5.00 

45-110 

< 

6.8-24 

mi 

6.9-24.3 

1.45 

7.(K)-24 

1 

36  5  cm 
0  E  E 

DETECTOR 
STACK  , 

PLASTIC 

SCINTILLATOR  A 


WINDOW 


_ _ 

'{f  ]?:’  :!r 

[  T  -•  -  - 

7  1  \  . . 1  ;T  1 

. 

•  . i . ...  - .1  . » 

5 . 

S 

4 

ALUMINUM  COLLIMATOR 

lv  iir-  x 

Jj  l 

TUNGSTEN 

ABSORBER 

CONETIC 

r  MAGNETIC  SNIELOING 
PHOTOMULTIPLIER 
C  31016F 

;  .rrm 


aluminum 

SHIELDING 


PM  POWER 
SUPPLY 

ANTICOINCIDENCE 

PREAMPLIFIER 


i 


E  DETECTOR 


E'  DETECTOR 


3 .  Progress  and  Current  Activities 
3.1  Intercalibrations 


The  quality  of  the  measurements  of  the  radiation  environment  directly  affects  the  precision 
and  reliability  of  studies  utilizing  the  data.  A  continuing  effort  has  been  made  to  intercalibrate  the 
various  CRRES  instruments  in  orbit.  Potential  problems  have  been  found  which  include  scattering 
in  collimators  and  backgrounds  due  to  bremsstrahlung,  pile-up,  and  penetrating  radiation  Unlike 
geostationary  orbits,  the  CRRES  orbit  environment  is  demanding  on  the  instrument  hardware  and 
therefore  new  and  improved  algorithms  were  developed  to  derive  comprehensive  flux 
measurements  over  all  regions  of  the  radiation  belts. 

An  example  of  the  IMS-HI  survey  plots  for  orbit  587  is  shown  in  Figure  4a.  Only  data 
from  the  64  channel  mass  scan  mode  is  shown.  For  detector  1  the  18  keV  proton  peak  in  the  center 
mass  channels  is  prominent.  The  mass  channels  covered  for  protons  are  numbers  38-42.  Adjacent 
to  this  proton  band,  the  penetrating  background  continuum  is  observed  in  all  mass  channels.  The 
actual  18  keV  H+  flux  is  thus  the  counts  in  the  peak  above  the  background  continuum.  Although 
this  is  obvious  the  IMS-HI  instrument  provides  this  added  information  for  validating  the  ion  flux. 
The  more  common  broom-magnet  spectrometers  are  unable  to  differentiate  between  background. 

For  L<3,  on  both  ends  of  the  plot,  the  continuum  is  quite  variable  due  to  the  inner  belt  and 
sudden  commencement  (0342  UT)  associated  particle  penetration,  yet  no  ion  peak  is  observed  in 
this  region  indicating  the  rapid  drop  off  of  ion  flux  and  the  importance  of  the  peak  to  valley  ratio 
background  algorithms.  For  detector  2  hydrogen  is  located  in  mass  channels,  58-63  and  He+  is 
located  in  mass  channels  33-35.  Again  the  continuum  is  subtracted  off  of  the  peak  count  rates. 

For  the  higher  energy  detectors  the  background  subtraction  algorithm  is  a  combination  of 
sensors.  For  example  the  proton  flux  in  detector  6  is  given  by 


Det  6  flux  =  0. 14 


f>ch63  of  Det  5 


ch  54 


+  0.19 


£  of  Det  5  -  £  of  Det  5 


ch  54 


ch  43 


(1) 


A  series  of  orbital  flux  profiles  using  the  background  subtraction  is  given  in  Figure  5  for 
orbit  587.  For  protons  the  L  dependence  of  ?he  various  energies  is  apparent  with  the  higher 
energies  peaking  at  low  L  shells.  The  rapid  drop  off  of  1 8  keV  flux  by  several  orders  of  magnitude 
at  L~3.0  is  surprising  and  indicates  a  strong  loss  process  in  this  region.  The  enhanced  flux  of  1.7 
MeV  and  E>  50  MeV  protons  is  consistent  with  the  on-going  solar  proton  event.  For  He+  the  L 
dependence  is  in  the  opposite  direction  of  the  protons  with  the  higher  energies  peaking  at  the  higher 
L  shells. 
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Figure  6  Example  of  intercalibration  of  IMS-HI  with  IMS-LO 
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Figure  7  Example  of  intercalibration  of  IMS-HI  with  SEP 
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Intercalibration  for  protons  with  the  EPAS,  PROTEL,  and  GOES  instruments 

1  2 


Figure  8 


The  IMS-HI  instrument  was  intercalibrated  with  IMS-LO  instrument  for  energetic  protons. 
The  IMS-HI  18  keV  channel  overlaps  in  energy  with  two  of  the  IMS-LO  channels.  Both 
instruments  have  narrow  fields-of-views.  In  general,  the  instruments  agreed  well  in  hydrogen  flux 
measurements.  An  example  of  the  typical  overlap  is  shown  in  the  spectrum  of  Figure  6.  The  IMS- 
HI  instrument  was  intercalibrated  with  the  SEP  instrument  for  energetic  protons  in  energy  range  1 
to  2  MeV.  An  example  of  the  typical  overlap  is  shown  in  the  spectrum  of  Figure  7  for  orbit  75. 

Several  periods  of  time  were  used  to  intercalibrate  the  IMS-HI  with  the  EPAS  and  Protel 
instruments.  An  example  of  this  intercalibration  is  shown  in  Figure  8.  In  this  case  the  agreement  is 
good  suggesting  that  the  geometric  factors  and  energy  channel  calibrations  have  been  properly 
taken  into  account.  However,  when  backgrounds  are  high  (e.g.  L<3)  it  appears  that  the  EPAS 
instrument  gives  fluxes  that  are  up  to  several  orders  of  magnitude  higher  than  from  the  IMS-HI.  In 
fact,  the  IMS-HI  instrument  data  indicates  that  there  is  a  strong  energy  dependent  cutoff  of  ions  in 
the  slot  region  as  indicated  in  Figures  4  and  5. 

3.2  Neutral  Atoms  from  the  Ring  Current 

Modeling  of  the  radiation  belt  protons  and  heavier  ions  requires  an  understanding  of  the 
neutral  components.  Energetic  neutrals  are  the  consequence  of  the  change  exchange  process  of 
radiation  belt  ions  with  thermal  ions,  and  vary  according  to  the  importance  of  this  loss  process. 
Because  the  neutrals  are  not  restricted  to  the  magnetic  field  they  can  rapidly  fill  all  of  the 
magnetosphere.  Neutral  atoms  can  therefore  provide  a  mapping  of  the  internal  composition,  spatial 
geometry,  and  temporal  changes  of  the  ring  current,  weighted  by  the  appropriate  cross  sections  and 
neutral  hydrogen  density;  it  provides  a  powerful  method  of  studying  the  magnetosphere  (Roeloff 
et  al.,  1985,  Hsieh  et  al.  1992).  Using  the  IMS-HI  instrument  on  the  CRRES  satellite  the  first  in- 
depth  investigation  of  the  neutral  atom  radiation  environment  is  being  conducted. 

The  source  of  energetic  neutral  atoms  (ENA)  at  low  altitudes  is  believed  to  be  a  double¬ 
charge-exchange  process  of  ions  originating  in  the  ring  current  (Moritz,  1972;  Tinsley,  1981)  as 
shown  in  Figure  9.  The  trapped  ions  of  the  ring  current,  by  charge  exchange  with  thermal 
hydrogen  atoms  of  the  geocorona,  become  high  velocity  neutral  atoms  which  are  focused,  for 
those  directed  toward  the  earth,  in  the  equatorial  atmosphere  where  they  again  become  ions  by 
ionization  collisions.  In  principle  the  spin  of  the  CRRES  satellite  and  orbit  motion  can  be  used  to 
"raster  scan"  a  portion  of  the  magnetosphere  to  obtain  a  neutral  atom  image.  In  practice,  however, 
the  duty  cycle  associated  with  the  spinning  of  the  satellite  and  the  background  of  the  radiation  belts 
make  this  a  difficult  task  from  CRRES.  The  injected  energetic  neutrals  at  low  altitudes  produce  the 
equatorial  precipitation  zone  and  a  temporary  low  altitude  ion  belt  between  200  and  1000  km  as 


Figure  9  Energetic  neutral 
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Figure  10  Mass  spectrogram  from  IMS-HI  detector  2  in  the  low  altitude  ion  belt 
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illustrated  in  Figure  9. 

Near  perigee  (<1000  km),  when  CRRES  is  below  the  inner  belt,  the  IMS-HI  instrument  is 
able  to  directly  view  the  ring  current  neutrals  and  ion  composition  of  the  low-altitude  ion  belt. 
Above  the  inner  belt  the  IMS-HI  instrument  is  able  to  make  cross-sectional  cuts  of  the  ring  current 
ion  composition.  About  one  day  after  the  large  magnetic  storm  of  24  March  1991  the  ring  current 
ions  were  observed  to  increase  and  move  to  lower  altitudes.  The  ring  current  flux  at  this  time 
extends  down  to  L-2.0  and  is  dominated  by  hydrogen  at  E~60  keV.  0+,  0++,  and  He+  are  one  to 
two  orders  of  magnitude  less  in  flux  at  these  energies. 

The  ENA  transported  to  low  altitude  is  again  charge  exchanged  by  the  atmosphere  and 
temporarily  becomes  the  low-altitude  ion  belt.  Because  the  ions  cannot  support  drift  motion  in 
much  of  the  belt  the  loss  rate  is  high.  The  steady-state  ion  population  to  first  order  is  a  mapping  of 
the  source  composition  multiplied  by  the  appropriate  atmospheric  loss  rates.  A  mass  spectrogram 
of  the  low  altitude  ion  belt  for  detector  two  is  shown  for  the  first  time  in  Figure  10  for  25  March 
1992.  Also  shown  for  comparison  is  the  mass  spectrogram  of  detector  two  near  the  inside  edge  of 
the  ring  current  at  L~  2.2.  At  this  time  the  prominent  ion,  inferred  from  the  ring  current  ENA  is  H+ 
at  60  keV.  The  average  low-altitude  hydrogen  count  rate  is  about  2000  times  lower  than  the 
average  count  rate  in  the  ring  current  for  the  IMS-HI  spectrometer. 

3.3  Radiation  Beit  Modeling 
3.3.1  Model  Description 

The  static  version  of  the  Empirical  Model  of  medium  energy  ring  current  ion  composition  consist 
of  a  set  of  average  equatorial  energy  and  pitch-angle  distributions  of  fluxes  of  H+,  He+,  and  0+ 
consistent  with  the  IMS-LO  data  base  (Collin  et  al.,  1992).  The  distributions  are  binned  by  energy 
and  pitch-angle  with  7  energy  bins  covering  the  whole  of  the  IMS-HI  energy  range,  18  keV/amu  to 
1.7  MeV/amu,  and  eighteen,  10°,  pitch  angle  bins  which  cover  the  full  range  of  0°to  360°, 
allowing  for  pitch-angle  asymmetry.  The  model  contains  a  H+,  He+,  and  0+  distribution  for  each 
of  a  number  of  spatial  regions.  These  regions  are  defined  by  dividing  the  equatorial  plane  into  six 
local  time  sections  of  four  hours  in  width  and  into  six  radial  sections  between  L  =  2.5  Re  and  L  = 
8.5  Re  each  1.0  Re  in  width.  Associated  with  each  flux  value  is  an  estimate  of  its  statistical 
uncertainty  and  for  development  purposes  a  measure  of  the  background  and  number  of  data 
samples  used  to  determine  the  flux  value  (Collin  et  al.,  1992).  The  model  can  therefore  be  used  to 
determine  the  average  ion  distributions  away  from  the  equatorial  plane,  assuming  the  absence  of 
parallel  electric  fields  and  wave-particle  interactions,  by  mapping  the  equatorial  distributions  down 
the  field  lines  to  the  location  of  interest. 


In  addition  to  the  medium  energy  ion  composition  model  a  similar  model  is  used  for 
energetic  neutrals.  In  this  case  the  neutrals  are  binned  into  four  energy  ranges  (out  of  64  energy 
channels)  and  into  eighteen  angular  bins  relative  to  the  earth's  geometry  over  0  to  360°.  Because 
the  neutral  flux  is  several  orders  of  magnitudes  less  than  the  ring  current  ion  flux  the  background 
must  be  validated  for  inclusion  into  the  model. 

3.3.2  Generation  of  IMS-HI  Database 

A  schematic  of  the  IMS-HI  data  processing  is  shown  in  Figure  11.  The  first  stage  of 
processing  is  to  unpack  and  decode  the  data  on  the  agency  tapes  and  then  write  the  data  from  each 
orbit  to  a  group  of  files  for  each  instrument  together  with  ephemeris  and  magnetometer  files.  At 
this  stage  all  data  is  in  the  form  of  counts  and  engineering  units  at  the  full  resolution  of  the 
instrument.  This  forms  the  high  resolution  database  (level  1)  and  is  stored  on  optical  disks. 

In  level  2  the  IMS-HI  instrument  data  is  stripped  from  the  optical  disk  file  along  with  other 
selected  parameters  and  binary  compressed.  From  this  file  the  computational  burden  is  significantly 
reduced  for  the  summary  data  base  and  level  three  processing.  As  indicated  in  Figure  1 1  level  three 
processing  has  four  formats:  1)  Mode  0  color  spectrograms  of  64  channel  mass  (Figure  4a),  2) 
Mode  1  color  pitch  angle  plots  (Figure  4b),  3)  Line  plots/files  of  scaler  data,  and  4)  at  line  plots  of 
Mode  0  mass. 

In  level  4  processing  four  types  of  line  plots  are  possible:  mass  spectrums  plot  up  to  seven 
detectors,  (1A)  pitch  angle  plot  of  3  mass  intervals  (2A),  mode  1  scales  line  plots,  and  1  energy 
line  plots  of  3  mass  intervals.  An  example  of  formats  1 A  is  given  in  Figure  12a  and  of  format  2  in 
Figure  12b. 

Based  on  review  of  the  level  3  and  level  4  processing  the  level  5  summary  database  is  being 
constructed.  This  IMS-HI  Summary  Data  base  is  a  compact,  partially  processed  data  base 
consisting  of  averages,  over  131  seconds,  of  IMS-HI  ion  and  neutral  data  sorted  by  energy  and 
pitch  angle.  Supporting  data  include  time,  background  count  rate,  status  information,  measured 
magnetic  field  and  ephemeris  information.  The  ion  and  neutral  data  are  recorded  as  count  rates  in 
order  to  make  the  data  base  independent  of  revisions  to  instrument  calibration  with  cross 
calibrations  underway.  Calibrations  are  applied  to  the  count  rates  where  the  data  base  is  accessed. 
The  Summary  Database  is  suitable  for  rapid  retrieval  of  energy  spectra,  pitch  angle  distributions  or 
survey  and  for  the  basis  forms  the  statistical  studies.  An  attempt  has  been  made  to  keep  the  data 
base  similar  to  the  IMS-LO  data  base  (Collin  et  al.,  1992)  so  that  the  final  Radiation  Belt  Model  for 
IMS-HI  will  be  consistent  with  the  IMS-LO  model.  In  level  6  processing  the  final  IMS-HI 
Radiation  Belt  Model  is  formed.  The  model  results  are  designed  so  that  they  can  be  compared  with 


the  IMS-LO  and  IMS-HI  databases  as  well  and  for  application  of  existing  dose/shielding 
algorithms. 

3.3.3  IMS-HI  Radiation  Belt  Model 

The  IMS-HI  Summary  Data  base  can  be  used  for  both  static  and  dynamic  modeling.  The 
model  average  equatorial  distributions  are  constructed  by  accumulating  and  averaging  equatorial 
distributions  from  many  orbits.  Similar  to  IMS-LO  the  data  are  binned  by  their  energy  and 
equatorial  pitch-angle  and  sorted  into  ranges  of  L  and  local  time.  These  distributions  are  mapped 
adiabatically  from  the  satellite  location  to  the  equatorial  plane.  The  mapping  makes  use  of  the 
modeled  values  of  the  local  magnetic  field  strength  and  the  minimum  field  on  the  same  field  line 
which  are  provided  in  the  CRRES  ephemeris  files. 

The  quality  of  the  data  base  is  strongly  dependent  on  an  undemanding  of  contamination 
sources,  especially  for  the  neutral  atom  database.  The  capability  of  IMS-HI  to  measure  the  peak  to 
valley  ratio  in  each  spectrometer  mass  channel  eliminates  background  to  a  great  degree  (see  Section 
3.1).  In  addition  a  quality  factor  (1  to  10)  based  on  the  signal  to  background  ratio  is  given  to  each 
interval  of  time  so  that  data  quality  can  be  tracked.  Furthermore,  each  orbit’s  summary  data  will  be 
checked  manually  with  the  high  resolution  color  spectrogram  data  to  verify  that  the  data  quality  is 
valid.  With  the  background  rejection  accurate  data  should  be  obtained  over  the  whole  orbit. 

Figure  13  is  a  condensed  display  of  data  for  the  static  model.  The  layout  is  based  on  a 
portion  of  the  Summary  Data  base  and  is  consistent  with  the  IMS-LO  database.  The  top  panel 
contains  energy  spectra,  averaged  over  pitch  angle  for  H+,  He+,  and  0+.  The  bottom  panels 
contain  H+,  He+,  and  0+  pitch  angle  distributions  at  selected  energy  bands.  These  panels  are 
divided  horizontally  by  bold  black  vertical  lines  into  six  broad  strips  which  correspond  to  six 
ranges  of  L.  The  left  most  of  the  broad  strips,  for  example,  corresponds  to  divided  strips 
corresponding  to  a  magnetic  local  time  interval.  Each  of  the  narrow  strips  displays  the  average 
equatorial  energy  spectral  and  pitch-angle  distributions  for  its  own  local  time  L  range.  As  in  IMS- 
LO  data  base  the  energy  spectra  in  the  top  panel  (or  pitch  angle  in  the  lower  panels)  can  be 
referenced  to  the  equatorial  plane  with  radii  of  2,  3, 4,  5, 6,  at  7  Re. 

The  static  model  can  be  averaged  over  any  interval  during  the  CRRES  lifetime.  For  the 
whole  of  the  CRRES  lifetime  the  model  represents  a  fairly  active  time  period  during  solar 
maximum.  The  use  of  the  static  model  forms  the  basis  for  dynamic  modeling  by  binning  the  static 
model  according  to  various  magnetic  disturbance  indices. 
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Ring-Current  Ion  Model:  IMS- HI 


Overview 


Figure  1 3  Summary  display  for  the  IMS-HI  radiation  belt  Static  Model 


3.4  Magnetic  Storm  Dynamics 


The  26  August  1990  and  24  March  1991  Magnetic  storms  were  investigated  using  the  LMS- 
HI  and  SEP  instruments  on  the  CRRES  satellite.  These  storms  show  considerable  variation  and 
variation  with  other  events  (e.g.  Gloeckler  et  al.,  1985  and  McEntire  et  al.,  1985).  By 
understanding  the  injection,  acceleration,  and  transport  within  the  radiation  belts  the  assumptions 
for  modeling  algorithms  can  be  improved.  The  best  models  are  usually  based  on  parameters  which 
have  good  physical  significance. 

For  the  26  August  1990  magnetic  storm  the  Kp  reached  7-.  At  the  time  of  the  sudden 
commencement  CRRES  was  near  apogee  in  the  dawn  sector.  For  24  March  1991  the  Kp  reached 
9-.  At  the  time  of  the  sudden  commencement  CRRES  was  in  the  slot  region  at  L-2.5  at  about  0300 
hr  UT. 

3.4.1  Wave  Particle  Interactions 

Of  particular  interest  is  the  sensitivity  of  the  differential  ion  flux  measurements  of  the  IMS- 
HI  instrument  to  waves.  In  Figure  14,  a  6  minute  period  ULF  wave  ,  that  is  observed  prior  to  the 
sudden  commencement,  is  also  observed  in  the  18  keV  proton  channel.  The  resonant  interaction  is 
such  that  at  56  keV  no  interaction  is  observed.  The  small  scale  fluctuations  in  the  18  keV  and  56 
keV  channels  are  associated  with  spin  modulation.  At  the  time  of  the  sudden  commencement  the 
magnetic  flux  density  is  increased  due  to  the  magnetic  compression  and  the  particle  flux  is  likewise 
increased  in  accordance  with  Louisville's  theorem.  Another  association  of  Bz  wave  activity  with 
18  keV  protons  during  this  storm  event  is  shown  in  Figure  15.  Wave-particle  interaction  observed 
with  the  CRRES  energetic  electron  and  electric  field  experiments  are  currently  being  investigated 
by  Dr.  W.L.  Imhof  and  will  be  reported  in  a  later  publication. 

3.4.2  Particle  Transport  and  MeV  Acceleration  during  a  Sudden  Commencement. 

Simultaneous  injection/acceleration  of  >10  MeV  particles  at  L-2.5  with  a  sudden 
commencement  is  surprising  and  suggests  that  an  unexpected  acceleration  mechanism  is  active  in 
that  region.  Between  0342  and  0354  UT  the  particle  instruments  on  the  CRRES  satellite  measured 
impulsive  bursts  of  >10  MeV  electrons,  protons,  and  alphas  in  the  slot  region  (2.1  <L<2.5)  near 
the  equator  at  0300  hours  MLT  (Mullen  et  al.,  1991;  Vampola  and  Korth,  1992;  Blake  et  al.,  1992; 
and  Voss  et  al.,  1992a).  The  electron  bursts  (Figure  16)  are  consistent  with  drift  echoes  of  about 
15  MeV  electrons  while  the  proton  groups  are  consistent  with  drift  echoes  of  >20  MeV  protons. 
No  medium  energy  x8  keV  <  E  <  1.5  MeV  ion  bursts  were  observed.  However,  in  the  IMS-HI 
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Figure  14  The  IMS-HI  instrument  differential  ion  flux  for  18  keV  and  56  keV  H+,  the  ULF 
wave  is  observed  in  the  magnetometer  data  (upper  panel)  and  18  keV  proton  (lower 
panel)  channel 
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Figure  15  The  association  of  Bz  activity  with  18  keV  protons 
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Figure  17  Greater  than  50  MeV  proton  peak  observed  in  the  neutral  detector  about  35  s  before 
the  large  electron  peak 
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neutral  detector,  which  is  also  sensitive  to  protons  with  E>  50  MeV,  a  particle  burst  was  observed 
0.5  minutes  before  the  electron  peak  (Figure  17). 

During  the  burst  event  the  SEP  instrument  scanned  through  7  logic  modes  (Figure  18)  to 
measure  the  electron,  proton  ,  and  alpha  flux  and  energy  spectra.  In  Figure  1 8  the  lower  panel 
shows  the  scintillator  response  of  the  anticoincidence  shield  on  the  SEP  telescope.  The  voltage 
threshold  of  this  scintillator  is  constant  and  is  set  at  a  low  energy  (-100  keV)  so  that  it  is  very 
sensitive  to  penetrating  radiation.  The  two  largest  peaks  represent  the  first  two  electron  bursts 
shown  in  Figure  16.  The  initial  precursor  at  13315  sec,  which  also  appears  in  the  E  detector  is 
thought  to  be  E>100  MeV  protons.  The  spin  modulation  may  account  for  the  apparent  drop  in  flux 
after  the  precursor  peak  and  before  the  low  energy  20  MeV  peak.  The  data  indicate  that  the  100 
MeV  protons  arrive  at  the  detector  first  followed  by  the  lower  energy  but  higher  fluxes  of  25  MeV 
protons.  The  strong  15  MeV  electron  peak  occurs  about  30  seconds  after  the  25  MeV  proton  peak. 
This  information  can  be  used  to  infer  some  of  the  characteristics  of  the  injection  region. 

3.4.3  Simulation  of  Radiation  Belt  Electron  Bursts 

The  characteristics  of  the  electron  bursts  of  March  24  are:  1.)  The  peak  is  narrow  in  time 
(about  5  seconds),  2.)  Some  dispersion  is  apparent  in  the  subsequent  echoes  as  the  successive 
peaks  have  lower  amplitudes  but  are  broader  in  time,  3.)  The  electron  energy  is  large  enough  to 
penetrate  the  walls  of  the  IMS-HI  and  SEP  detectors  and,  4.)  The  drift  period  decreases  slightly 
between  successive  peaks  as  the  L  value  of  the  satellite  decreases.  This  observation  strongly 
suggests  the  energy  of  the  injected  electrons  increases  with  decreasing  L. 

This  information  can  be  used  to  investigate  the  initial  energy  and  pitch  angle  distribution, 
the  size  of  the  injection  region,  and  the  time  interval  during  which  injection/acceleration  persisted. 
As  a  first  approximation  it  was  assumed  that  electrons  were  injected  into  the  unperturbed 
geomagnetic  field  and  followed  the  normal  gradient  and  curvature  drifts.  Various  initial  particle 
distributions  were  used  and  the  count  rates  which  would  have  been  observed  at  the  CRRES 
satellite  were  tabulated  for  comparison  with  the  experimental  data.  An  example  of  the  simulation  is 
shown  in  Figure  19.  The  simulation  was  developed  by  M.  Walt  using  a  Monte  Carlo  technique. 
Initial  particles  were  drawn  from  various  specified  distributions  in  initial  longitude,  energy,  time  of 
injection,  and  pitch  angle.  The  drift  motion  of  each  particle  was  then  tracked  about  the  earth  and 
tabulated  each  time  it  reached  the  satellite  position.  The  resulting  count  rates  then  gave  the  expected 
signal  the  CRRES  satellite  would  have  been  expected  to  observe. 

Samples  of  these  results  are  shown  in  the  insert  of  Figure  19,  the  lower  panel  of  Figure  20, 
and  in  Figures  21  and  22.  The  energy  dispersion  is  investigated  in  Figure  19  where  the  initial 
energy  distribution  is  represented  by  exp(-  E/2  MeV)  with  a  threshold  determined  by  the  IMS-HI 
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SEP  instrument  response  to  the  slot  region  injection  event  of  24  March  1991.  The 
upper  panel  is  for  the  E  detector  and  the  lower  panel  for  the  Anti-scintillator  shield. 
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Figure  19  Monte  Carlo  simulation  of  the  L=2.5  injection  of  energetic  electrons  (inset)  and  the 
SEP  A  detector 
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Figure  20  Simulation  of  the  longitude  interval  of  injection  (lower  panel)  compared  to  the  SEP 
El  detector  data. 
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Figure  22  Simulation  of  the  energy  spectrum  and  pitch  angle  spread  for  injected  electrons  at 
L=2.5 
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detector  sensitivity  at  10  MeV.  Particles  were  injected  simultaneously  in  a  narrow  longitude  interval 
( 1° )  and  in  equatorial  orbits.  The  calculated  dispersion  under  these  conditions  is  due  entirely  to 
the  initial  energy  spread  and  is  similar  to  the  observed  values.  Therefore,  the  initial  energy 
distribution,  must  have  been  very  narrow  and  if  expressed  as  an  exponential,  had  an  e-folding 
energy  of  no  more  than  2  MeV.  The  echo  peaks  confirm  this  result  as  shown  in  Figure  22.  If  the  e- 
folding  energy  is  as  large  as  5  MeV,  the  second  and  third  peak  become  unacceptably  long  due  to 
the  dispersion  in  drift  period  with  energy. 

Figure  20  explores  the  longitude  interval  of  injection  and  compares  the  simulation  results 
with  the  width  of  the  initial  electron  peak.  It  is  apparent  that  with  these  assumptions  the  injection 
region  can  have  a  longitude  spread  of  no  more  than  about  10  degrees.  Otherwise  the  first  peak 
would  have  had  too  long  a  time  duration. 

The  shape  of  the  electron  pulses  are  not  sensitive  to  the  pitch  angle  distribution  as  shown  in 
Figure  21.  In  Figure  22  the  initial  flux  was  assumed  to  be  spread  uniformly  in  equatorial  pitch 
angle  between  60  and  90  degrees.  The  simulated  electron  bursts  are  not  significantly  different 
from  those  with  the  flux  concentrated  at  90  degrees. 

3.5  Radiation  Belt  Acceleration  and  Transport 

Before  the  CRRES  measurements,  the  very  strong  response  of  the  radiation  belts  at  L=2.5 
to  a  sudden  commencement  (SC)  was  not  expected.  The  CRRES  data  suggest  that  the  radiation  belt 
fluxes  and  energies  are  affected  within  minutes  of  initiation  of  the  SC  magr  ic  shock  in  the 
magnetosphere.  To  properly  model  and  predict  the  radiation  belt  effects  the  algorithms  must  take 
into  consideration  the  recent  or  expected  magnetic  activity  factors. 

In  this  section  an  initial  attempt  is  made  to  explain  the  CRRES  data  for  the  surprisingly 
rapid  injection  of  MeV  particles  in  the  inner  radiation  belt.  Various  mechanisms  have  been 
suggested  such  as  solar  MeV  particle  penetration  ,  inner  belt  expansion  during  the  storm,  electric- 
field  drift  accelerations  (Pfitzer,  1992),  and  direct  magnetic  compression  and  relaxation  (Voss, 
I992d)  as  discussed  in  this  report  The  important  requirement  of  the  theory  is  that  it  should  explain 
the  following  key  data: 

1)  The  narrow  5  second  pulse  width  of  the  electron  bursts  indicate  a  narrow  longitude 
spread  and  a  short  time  interval  of  injection. 

2)  The  preferential  acceleration  of  only  MeV  energy  particles. 

3)  The  greater  injected  particle  energy  at  lower  L  shells. 

4)  The  apparent  dusk-noon  location  of  the  injection  region  (or  the  relative  delay  between  the 
proton  and  electron  peaks). 

5)  The  simultaneous  injection/acceleration  of  MeV  electrons,  protons,  and  alp  ha  particles. 
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Tsyganenko  model  for  Kp  >  5  during  the  CRRES  injection  event 
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6)  The  nearly  simultaneous  injection  of  particles  with  the  magnetic  compression  (150  Y  at 
CRRES)  during  the  SC. 

The  magnetic  field  configuration  at  the  time  of  the  SC  is  shown  in  the  field  line  traces  of 
Figure  23,  using  the  Tsyganenko  (1987)  short  model  for  Kp>5.  The  dipole  tilt  is  -  9.1  degrees. 
For  this  case  the  standoff  distance  is  about  8  Re,  much  greater  than  what  is  inferred  during  a  SC 
shock  impulse. 

To  understand  the  impact  of  a  shock  on  the  magnetosphere  and  radiation  belt  a  simple 
model  was  formulated  using  a  dipole  field  and  a  parallel  shock  front.  The  parallel  shock  was 
constructed  using  an  image  dipole.  The  algorithms  were  also  set  up  to  vary  the  strength  of  the 
image  dipole  so  that  earth’s  dipole  field  would  form  a  magnetosphere  cavity  (Hones,  1963).  An 
example  of  the  image  dipole  field  line  trace  is  shown  in  Figure  24  for  a  standoff  distance  of  5  Re. 

The  objective  of  this  simple  model  is  to  represent  the  first  order  physics  for  explaining  the 
acceleration  and  transport  of  particles  within  the  radiation  belts  during  a  shock  compression.  The 
large  120  gamma  field  increase  observed  at  the  CRRES  location  at  03  MLT  (Figure  25)  is  thought 
to  be  the  result  of  the  magnetosphere  compressing,  i.e.  the  sum  of  the  earth’ s  dipole  and  image 
dipole  in  our  simple  model.  On  the  front  side  of  the  magnetosphere  the  compression  is  much 
greater  because  that  region  is  much  closer  to  the  image  dipole  (r3  dependence).  The  drifting  of 
particles  along  constant  B  results  in  the  rapid  transport  of  high  energy  particles  to  lower  L  shells 
and  the  violation  of  the  third  invariant.  Following  Parker  (1960)  the  perturbation  fields  of  an 
image  dipole  are: 


where  r=  x^  +(y+2L)2  +z^  and  2L  is  die  dipole  separation  distance.  For  small  changes  in  the 
magnetosphere  the  drift  orbit  of  particles  may  be  represented  as  circles  that  are  offset  from  the 
center  of  the  earth.  During  rapid  compression  the  ring  of  particles  are  ’’frozen"  to  the  field  lines 
(Parker,  1963,  Birmingham  and  Jones,  1968)  and  move  in  the  antisolar  direction  as  illustrated  in 
Figure  26.  However,  because  of  the  higher  magnetic  field  strength  on  the  day  side  during 
compression,  the  subsequent  drift  circles  of  undisturbed  particles  have  centers  in  the  solar  direction 
from  the  earth's  center. 
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Figure  24  Field  line  trace  of  a  dynamic  magnetosphere  using  an  image  dipole 
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Figure  25  CRRES  magnetic  field  data  during  the  25  March  1991  sudden  commencement 
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IMAGE  DIPOLE  COMPRESSION 
PARTICLE  DRIFT  CONCEPT 


Figure  26  Approximate  shift  of  particle  drift  orbits  during  a  magnetic  compression  due  to  an 
image  dipole 
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Using  the  magnetic  observations  at  the  CRRES  satellite  (100  gamma  increase)  and  the 
image  dipole  model  the  standoff  distance  varies  with  time  as  shown  in  Figure  27  for  a  minimum 
standoff  distance  of  3  Re.  Although  this  momentary  penetration  of  the  magnetopause  in  L  to  ~3.0 
is  surprising,  much  of  the  data  can  be  explained  with  such  an  interpretation.  After  the  initial 
penetration  to  low  L  (at  35  seconds)  the  magnetic  Field  relaxes  and  the  standoff  distance  backs  off 
to  L  shells  near  5.  Following  Henrick  (1963)  the  magnetic  line  displacement  during  a  compression 
event  is  given  in  Figure  28  assuming  a  final  standoff  distance  of  3.0  and  an  initial  standoff  distance 
of  6.0.  The  resulting  compression  factor  (an  acceleration)  is  given  in  Figure  29.  For  a  6  Re  particle 
that  is  compressed  to  3  Re  the  acceleration  would  be  about  a  factor  of  eight .  A  particle  at  4  Re 
initially  would  move  to  2.7  Re  and  have  an  acceleration  of  4.5  times.  On  the  night  side  the  particles 
are  only  slighdy  affected  in  agreement  with  the  data. 

In  this  view  the  shock  front  compresses  the  frontside  radiation  belts  to  low  L  shells  in 
about  30  seconds.  The  particles  at  noon  (3<  L  <  10)  are  transported  to  L  shells  below  3  and  are 
accelerated  because  of  the  increased  magnetic  flux  from  the  adiabatic  compression  event  (first 
invariant  conserved).  Using  equation  2  for  the  dipole  image  model,  the  contours  of  constant  B  are 
shown  in  Figure  30  for  standoff  distances  of  5,  3  and  2.5  Re.  As  the  compression  event  proceeds 
the  lower  L  shell  contours  shift  towards  the  sunward  direction,  become  tear  shaped  and  then  open 
up  to  give  direct  access  from  the  compression  region  to  the  radiation  belt  inner  slot.  For  10>  MeV 
electrons,  protons,  and  heavier  ions  the  drift  periods  are  short  enough  (<3  minutes)  so  that  these 
particles  can  drift  to  the  nightside  before  the  magnetosphere  is  partially  decompressed  (relaxed).  A 
simplified  diagram  illustrating  the  important  features  of  the  magnetic  compression,  acceleration, 
and  relaxation  model  is  shown  in  Figure  31.  This  model  explains  the  observations  found  in  the 
CRRES  data  for  the  24  March  1991  expansion  event: 

1)  The  narrow  5  second  pulse  width  of  the  electron  bursts  indicate  a  narrow  longitude 
spread  and  a  short  time  interval  of  injection. 

2)  The  preferential  acceleration  of  only  MeV  energy  particles. 

3)  The  greater  injected  particle  energy  at  lower  L  shells. 

4)  The  apparent  dusk-noon  location  of  the  injection  region  (or  the  relative  delay  between  the 
proton  and  electron  peaks). 

5)  The  simultaneous  injection/acceleration  of  MeV  electrons,  protons,  and  alpha  particles. 

6)  The  nearly  simultaneous  injection  of  particles  with  the  magnetic  compression  (150  Y  at 
CRRES)  during  the  SC. 


39 


4.0  Future  Plans 


Most  of  the  effort  during  the  first  three  years  of  this  contract  has  been  devoted  to  1) 
understanding  the  new  IMS-HI  instrument  medium  energy  ion  and  neutral  data  (i.e. 
intercalibration),  2)  the  development  of  powerful  software  using  optical  disk  storage  to  build  up  a 
comprehensive  database,  3)  understanding  the  fundamental  dynamics  of  the  radiation  belts  so  that 
the  database  is  meaningful,  and  4)  beginning  the  development  of  the  IMS-H3  static  radiation  belt 
model.  The  ONR  307  contract  has  supported  the  basic  instrument  calibration  and  data  processing 
effort  which  this  contract  has  extended  to  further  the  intercalibration,  database  processing,  and  our 
understanding  of  the  radiation  belt  dynamics. 

We  expect  to  submit  for  publication  a  paper  on  the  dynamics  of  the  radiation  belts. 
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Figure  28  Magnetic  field  line  displacement  during  a  sudden  commencement 
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Figure  29 
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Magnetic  field  compression  (acceleration)  factor  during  a  large  sudden 
commencement 
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PARTICLE  DRIFT  CONTOURS  DURING  INJECTION 
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Figure  30  Constant  B  drift  contours  for  particles  during  various  stages  of  the  compression  event 


RADIATION  BELT  ACCELERATION-DIRECT  ACCESS  MODEL 


Figure  31  Model  of  acceleration  and  injection  of  >  10  MeV  electrons, protons,  and  alphas  into 
the  radiation  belt  slot  region  during  a  sudden  commencement 
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The  primary  objective  of  tbe  medium  energy  ion  nuss  spectrometer  (ONR  307-8-3)  on  the  CRRE5  is  to  obtain 
the  necessary  data  to  construct  models  of  tbe  energetic  ion  (10-2000  keV-amn/q2)  and  oeatral  atom  (10-1500 
keV)  environment  of  tbe  Earth’s  radiation  belts.  The  spectrometer  measures  the  energetic  ion  composition, 
energy  spectrum,  charge,  and  pitch  angle  distribution  with  good  mass,  temporal,  and  spatial  resolution.  Tbe  ion 
rejection  in  the  neutral  detector  is  <  100  MeV-amu/q2.  Tbe  instrument  principle  of  operation  is  based  on  ioc 
momentum  separation  in  a  7000-0  magnetic  field  followed  by  energy  and  mass  defect  analysis  using  an  array 
of  cooled  silicon  solid-state  detectors.  Tbe  architecture  is  parallel  with  simultaneous  mass  and  energy  analysis  at 
relatively  high  sensitivity  (100%  duty  cycle).  Tbe  instrument  performed  as  designed  in  orbit  with  tbe  major 
groups  of  hydrogen,  helium,  oxygen,  and  neutrals  dearly  resolved.  Tbe  energetic  ion  composition  during  the 
August  26,  1990,  storm  illustrates  the  instrument  performance. 


I.  Introduction 

THE  medium  energy  ion  mass  spectrometer  (IMS-H1)  on 
the  Combined  Release  and  Radiation  Effects  satellite 
(CRRES)  measures  the  energy  spectra  and  pitch  angle  distri¬ 
butions  of  magnetospheric  ions  and  neutral  particles.  The 
instrument  is  designed  specifically  to  measure  the  highly  vari¬ 
able  fluxes  of  ions  in  the  energy  range  from  a  few  tens  of 
kiloelectron  volts  to  a  few  hundred  kiloelectron  volts  that 
populate  the  ring  current  and  produce  the  variations  seen  in 
the  magnetic  Dst  index  associated  with  magnetic  storms. 

Ring-current  studies  based  on  data  from  the  Explorer  45 
spacecraft1  were  hampered  because  the  detectors  did  not  dis¬ 
tinguish  between  protons  and  higher  mass  ions.  Other  re¬ 
searchers2'5  have  demonstrated  the  importance  of  including 
neutrals  and  ions  other  than  protons  to  explain  the  decay  rates 
observed  in  the  ring  current.  By  charge  exchange  with  thermal 
hydrogen  atoms,  energetic  ions  become  neutrals  and  can  es¬ 
cape  from  the  Earth’s  environment.  This  is  a  significant  loss 
process  for  the  medium-energy  ring  current  ions.  More  recent 
measurements  obtained  by  the  medium-energy  plasma  ana¬ 
lyzer  on  the  AMPTE/CCE  spacecraft  have  demonstrated  the 
advantages  of  comprehensive  ion  composition  measurements 
for  the  study  of  ring  current  processes.6 

On  CRRES,  ring-current  ion  composition  and  neutral  atom 
measurements  are  provided  in  part  by  the  IMS-HI  instrument. 
This  instrument  is  one  of  four  instruments  that  comprise  the 
Office  of  Naval  Research  (ONR-307)  energetic  particles  and 
ion  compositon  (EPIC)  experiment.  The  contiguous  mapping 
of  the  particle  distribution  over  the  radial  distance  range  from 
400  km  to  5.5  Earth  radii  (Re)  near  the  equatorial  plane 
provides  a  comprehensive  data  base  that  can  be  used  for 
studies  of  radiation  belt  and  ring-current  energization,  injec¬ 
tion,  and  loss  processes. 
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n.  Measuring  Techniques 

The  IMS-HI  instrument  is  based  on  ion  momentum  separa¬ 
tion  in  a  magnetic  field  followed  by  ene  and  mass  defect 
analysis  using  ..'ray  of  cooled  silicon  so, id-state  sensors  as 
shown  in  Fig.  1 .  The  entrance  collimator  consists  of  a  series  of 
rectangular  baffles  that  define  the  ion  beam  angular  resolution 
and  a  broom  magnet  to  reject  electrons  with  energy  less  than 
1  MeV. 

After  exiting  the  collimator  ions  enter  a  7000-G  magnetic 
field  where  they  are  deflected  (mv/qB)  onto  a  set  of  six  pas¬ 
sively  cooled  (-50°C)  silicon  surface-barrier  detectors.  The 
technique  of  cooling  solid-state  detectors  for  high-resolution 
{ <  2  keV  full  width  at  half  maximum  (FWHM)]  energetic  ion 
measurements  in  spacecraft  instruments  was  discussed  by  Voss 
et  al.T  and  was  successfully  demonstrated  in  the  stimulated 
emission  of  energetic  particles  (SEEP)  experiment  on  the  S81- 
1  satellite.8  The  energy  range  covered  varies  with  ion  species 
and  is  approximately  em/q2  =  10-2000  keV-amu/q2.  A  sev¬ 
enth  sensor,  located  directly  in  line  with  the  collimator,  mea¬ 
sures  energetic  neutrals  and  has  an  ion  rejection  of  approx- 

C*.  VUUTC-ORIE'. 


Fig.  1  Principle  of  operation  for  IMS-HI  is  based  on  ion  momen¬ 
tum,  mass  defect,  and  energy  analysis  using  an  array  of  cooled  solid- 
state  detectors.  Magnet  is  shown  in  the  upper  portion  of  tbe  figure  and 
the  ion  optics  in  the  lower  portion. 
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Table  1  Medium  energy  ion  mass  spectrometer  (IMS- HI) 
specifications 


Analyzer 

7  kg  magnet  (m/q2)  and 
mass  defect 

Sensors 

Silicon  surface  barrier 
( -  5S°C) 

Number  of  imaging  sensors 

7  at  0.5  cm2  each 

Look  direction  from  spin  axis 

Particles  and  energy  range: 

75  deg 

Neutrals 

10-1500  keV 

Protons 

15-2000  keV 

Helium 

4-500  keV 

Oxygen 

20-130  keV 

Oxygen  +  + 

20-500  keV 

Other  ions 

E>20  keV 

Number  of  differential  mass  channels 

64 

Number  of  high  rate  mass  channels 

4 

Number  of  differential  energy  channels 

6 

Pitch  angle  resolution 

4  deg  FWHM 

Geometrical  factor 

10  _  2— 10  ~ 3  cm2sr 

Duty  cycle 

100«?» 

imareiy  100  MeV-amu/q2.  Detailed  instrument  specifications 
are  given  in  Table  1 . 

The  instrument  features  simultaneous  mass  and  energy 
analysis  at  relatively  large  geometrical  factors  (10' 3  to  10"2 
cm2  sr).  Simultaneous  measurements  of  charge  states  can  be 
identified  for  each  m/q2  and  for  the  same  m/q2,  in  some  cases, 
within  the  solid-state  detector  due  to  dead  zone  and  mass 
defect  energy  losses  for  equal  m/q2  (e.g.,  O’  *  and  He’). 
Because  of  the  multisensor  design  and  parallel  processing  elec¬ 
tronics,  the  dynamic  range  in  flux  covered  is  approximately  six 
orders  of  magnitude. 

A  simulation  of  the  ion  separation  in  a  7000-G  magnetic 
field  is  shown  in  the  position-energy  diagram  of  Fig.  2.  The 
image  surface  S  is  defined  as  the  arc  length,  beginning  at  the 
collimator,  for  a  radius  R  =  8  cm.  Solid-state  detectors  1-7 
are  located  at  angles  0  of  40,  65,  90,  115,  140,  162.5,  and  180 
deg,  respectively.  Solid-state  detectors  1-6  are  n-type  silicon 
having  either  20  or  40  ng  cm"2  of  gold  surface  deposit.  The 
neutral  detector  is  of  p-type  silicon  to  improve  light  rejection 
and  radiation  damage  sensitivity  and  has  20  pg  cm"2  of  alumi¬ 
num  surface  deposit.  The  energy  loss  in  surface-barrier  win¬ 
dows  for  H,  He,  and  O  is  discussed  by  Voss.9  The  mass  defect 
in  solid-state  detectors  results  from  energy  loss  of  nonionizing 
nuclear  collisions  within  the  solid  that  reduce  the  efficiency  of 
electronic  signal  generation.  The  mass  defect  increases  with 
atomic  weight  of  the  nuclei  in  a  well-understood  way10  and 
causes  further  mass  separation,  with  commensurate  energy 
scatter,  for  the  heavier  nuclei. 

The  magnet  section  consists  of  a  yoke,  pole  pieces,  and  a 
SmCo  permanent  magnet.  To  produce  a  homogeneous  mag¬ 
netic  field  with  high  inducton  (  —  7  kG)  in  a  5-mm  gap  and 
with  minimized  weight,  the  best  available  magnetic  material 
(SmCo  Recoma  25,  with  25  MGOe  energy  product)  was  se¬ 
lected.  The  yoke  completely  surrounds  the  magnetic  field  ex¬ 
cept  for  the  entrance  aperture,  permitting  one  to  reduce  the 
magnetic  resistivity  in  the  return  flux  section  and  to  minimize 
the  magnetic  stray  fields.  Shape  and  dimensions  of  the  yoke 
are  optimized  to  reduce  weight  and  are  designed  for  a  uniform 
magnetic  induction  of  19  kG  anywhere  within  the  yoke.  The 
resultant  complex  shape  necessitates  the  use  of  numerical  com¬ 
puter-aided  machining  methods  to  meet  the  weight  require¬ 
ment  and  design  goal  of  £  100  nT  magnetic  stray  field  at  a 
distance  of  1  m.  A  yoke  materia’  (Hyperco  50)  that  possesses 
relatively  high  permeability  (2000-4000)  at  high-induction  lev¬ 
els  (20  kG)  was  chosen.  The  mass  of  the  flight  yoke  and 
magnet  assembly  is  about  5.7  kg. 

A  functional  system  diagram  of  the  IMS-H1  is  shown  in  Fig. 
3.  Variable  pulse-height  signals  from  the  ion  sensors  are  each 
routed  for  analysis  to  a  peak  detector  circuit  and  analog 
multiplexer.  Each  peak  detector  circuit  is  allowed  to  track  and 


hold  the  highest  peak  value  for  input  pulses  below  the  pro¬ 
grammable  low  level  threshold  VT  and  to  hold  and  stop  sam¬ 
pling  for  input  pulses  above  VT.  This  allows  signals  to  be 
processed  well  into  the  noise  level  for  added  in-orbit  perfor¬ 
mance.  The  sample  interval  for  each  detector  is  45  fis.  The 
read  and  reset  of  each  peak  detector  circuit  is  controlled  by 
strobes  from  a  master  clock  so  that  a  continuous  and  sequen 
tial  scan  is  made  of  each  detector. 

Simultaneous  with  the  reset  command,  a  256-channel 
analog-to-digital  convener  is  activated,  and  the  resulting  digi¬ 
tal  pulse  height  (8  bits)  is  placed  on  the  address  bus  of  an 
energy  lookup  table.  Also  placed  on  the  address  bus  of  this 
RAM  are  the  3  bits  that  specify  which  detector  is  being  pro¬ 
cessed.  The  content  of  this  memory  cell  ( 16  bits)  is  read  into  an 
accumulator,  incremented  by  one,  and  then  read  back  into  the 
memory  cell.  An  address  counter  is  then  used  to  sequentially 
step  through  the  entire  RAM  for  telemetry  readout.  A  data 
compressor  packs  the  16-bit  sum  into  an  8-bit  byte  for  serial 
interface  with  the  satellite  telemetry. 

The  instrument  operates  in  two  basic  modes;  mass  lock  and 
mass  scan.  In  the  mass  scan  mode,  each  of  the  seven  solid- 
state  sensors  is  pulse-height  analyzed  into  256  levels  of  which 
64  intervals  are  accumulated  in  memory  and  read  out  every  8 
s.  This  mode  is  used  to  scan  all  mass  peaks  within  the  range  of 
the  sensor  relative  to  the  background  continuum.  In  the  mass 
lock  mode,  each  of  the  seven  solid-state  sensors  is  pulse-height 
analyzed  into  256  levels,  of  which  four  intervals  (typically, 
four  ions)  are  accumulated  in  memory  and  read  out  every 
half-second.  This  mode  is  used  for  making  rapid  spectral 
snapshots  of  four  ions  as  a  function  of  pitch  angle.  Baseline 
operation  of  the  instrument  will  be  to  toggle  every  32.768  s 
between  the  mass  lock  mode  and  the  mass  scan  mode. 


Fig.  2  Energy  of  various  ions  that  are  mapped  onto  tbe  detector 
focal  surface  5  is  shown  for  a  7000-G  magnetic  field. 
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III.  Calibration 

The  IMS-H1  instrument  was  calibrated  at  Goddard  Space 
Flight  Center  (GSFC)  using  the  low-energy  accelerator  for 
ions  up  to  150  keV.  The  instrument  was  mounted  on  a  scan 
platform  in  a  vacuum  chamber  at  the  output  end  of  the 
accelerator  beam  line.  At  a  bend  in  the  beam  line,  an  electro¬ 
magnet  was  used  to  select  the  desired  mass  after  the  electro¬ 
static  acceleration.  A  solid-state  detector  at  the  entrance  to  the 
vacuum  test  chamber  was  used  to  monitor  the  beam  stability. 
The  instrument  was  calibrated  using  H*.  He*,  He  *  * ,  N*, 
N*  *,  O*.  and  O*  *  ions.  The  neutral  detector  was  calibrated 
using  energetic  neutral  hydrogen  atoms. 

To  illustrate  the  instrument  performance  during  calibration, 
an  energy  scan  for  protons  impinging  on  detector  2  is  shown  in 
Fig.  4.  The  calibration  data  are  currently  being  compared  to 
the  instrument  computer  model  and  to  the  flight  data  to  arrive 
at  the  best-fit  calibrations.  The  energy  passbands  are  very 
clean  as  indicated  in  Fig.  4  and  scattering  from  the  pole  pieces 
is  less  than  0.2% .  The  background  rate  can  be  subtracted 
using  an  algorithm  based  on  the  differential  pulse-height  spec¬ 
trum  in  each  of  the  seven  detectors  and  the  omnidirectional 
megaelectron  volt  electron  flux. 

In  addition  to  the  accelerator  calibrations,  the  instrument 
was  tested  with  radioactive  sources  at  -  30°C  in  its  final  flight 
configuration.  Six  Tl-204  sources  of  varying  intensities  were 
used  to  saturate  the  sensors  in  a  known  fashion  to  calibrate 
flux  rate  effects.  An  internal  electronic  pulser  was  also  in¬ 
cluded  in  the  instrument  to  give  several  pulse  heights  at  the 
detector  front  end  to  calibrate  gain,  linearity,  and  resolution 
in  orbit.  It  has  also  been  observed  in  orbit  that,  when  the 
instrument  is  illuminated  with  high  fluxes  of  megaelectron  volt 
electrons  in  the  outer  belt,  K-alpha  lines  are  present  and  asso¬ 
ciated  with  high-atomic-number  materials  near  the  sensors. 
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Fig.  6  Example  of  scalar  data  from  detector  1  and  2  for  protons 
daring  the  August  26,  1990,  sudden  commencement. 
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IV.  Preliminary  Flight  Results 

The  instrument  design  temperatures  were  achieved:  -  55°C 
for  the  magnet  and  sensors,  -  12°  C  for  the  preamps,  and  0°C 


ENERGY(keV) 


Fig.  4  Energy  passbapd  for  protons  in  detector  2  obtained  during 
preflight  calibrations. 


Fig.  S  in-flight  data  from  detector  1  indicates  a  noise  threshold  of 
about  4  keV  and  a  hydrogen  ion  peak  resolution  of  2  keV  FWHM. 


Fig.  7  Ion  mass  peaks  observed  in  detectors  2,  3.  and  4  during  the 
August  26. 1990,  storm. 

for  the  electronics  box.  The  sensors’  noise  thresholds  were 
therefore  well  within  specifications.  This  is  shown  in  Fig.  5  for 
detector  1  during  orbit  77.  Here  the  primary  hydrogen  peak  is 
at  18  keV  with  a  noise  threshold  of  about  4  keV  and  a  noise 
resolution  of  about  2  keV  FWHM. 

The  scalar  data  for  18-  and  56-keV  protons  during  the 
sudden  commencement  on  August  26,  1990,  is  illustrated  in 
Fig.  6.  The  major  ultra  lower  frequency  (ULF)  wave-particle 
interaction  is  at  18  keV  and  nearly  absent  at  56  keV. 

The  final  example  of  instrument  performance  is  shown  in 
Fig.  7  for  the  64-channel  mass  spectrum  of  detectors  2,  3,  and 
4.  These  data  were  obtained  on  August  26,  1990  over  a  5-min 
interval  near  L  =5.0.  The  distributions  shown  are  for  the  raw- 
count  rates  and  do  not  have  noise  filtering,  efficiencies,  and 
other  corrections  included.  The  energy  scale  is  preliminary  and 
represents  the  deposited  energy  of  the  ions  in  the  solid-state 
detectors. 

The  H*  and  He*  peaks  are  conspicuous  in  each  of  the 
detectors  as  noted.  The  importance  of  mass  defect  in  the 
solid-state  detector  is  illustrated  well  in  detector  4  for  He*  and 
O*  * .  Both  ions  have  the  same  m/qJ  and  thus  the  same  energy- 
incident  on  the  detector  (95  keV).  Because  the  oxygen  ion  is 
less  efficient  at  generating  electron  hole  pairs,  its  peak  is 
shifted  down  from  the  He  *  peak  by  about  30  keV.  It  is  well 
separated  from  the  He*  and  N*/0*  peaks.  Thus,  over  cer¬ 
tain  energy  and  mass  intervals  the  mass  defect  is  an  effective 
method  of  separating  ion  beams  in  a  magnetic  spectrometer. 
To  obtain  the  ion  flux,  the  penetrating  backgrounds  and  skins 
of  the  strong  ion  peaks  must  be  properly  subtracted  using 
peak-analysis  software. 

V.  Summary 

The  1MS-H1  experiment  on  CRRES  operated  successfully 
since  launch.  Preliminary  results  show  that  the  instrument  is 
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able  to  distinguish  all  of  the  major  ion  species  and  a  few  minor 
species  with  good  time  resolution.  These  measurements  will 
comprise  an  important  data  base  for  studies  of  radiation  belt 
and  ring-current  energization,  injection,  and  decay  rates. 
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Introduction 

IMPORTANT  components  of  the  magnetospheric  plasma 
to  be  explored  by  the  CRRES  are  the  energetic  electrons 
and  protons  that  populate  the  Earth’s  radiation  belts.  The 
fluxes  of  these  particles  depend  critically  on  the  production 
and  loss  mechanisms  in  the  radiation  belts  and  exhibit  dy¬ 
namic  behavior  in  response  to  solar  and  geomagnetic  activ¬ 
ity.  u  The  understanding  of  these  processes  requires  detailed 
measurements  of  the  particle  distribution  functions  including 
the  pitch  angle.  Previous  measurements  of  energetic  electrons 
and  protons  have  been  made  by  instruments  on  satellites  such 
as  Ogo  5, 3  SCATHA,4  (S/C)  1979-053,  and  (S/C)  1982-019,1-- 
but  the  unique  CRRES  orbit  offers  exciting  new  possibilities 
for  developing  improved  models  of  the  inner  and  outer  radia¬ 
tion  belts.5-6  For  example,  the  particle  distributions  measured 
along  the  spacecraft  trajectory  can  be  used  to  map  the  two-di¬ 
mensional  radiation  belt  morphology  in  the  orbit  plane  for 
1.05  <2.  <  7  near  the  geomagnetic  equator. 

The  ONR  307-3  Spectrometer  for  Electrons  and  Protons 
(SEP)  is  one  component  of  the  ONR  307  Energetic  Particles 
and  Ion  Composition  experiment.  SEP  measures  the  energy 
and  pitch  angle  distributions  of  energetic  electrons  and  pro¬ 
tons  throughout  the  CRRES  orbit.  The  specific  science  objec¬ 
tives  of  the  SEP  experiment  are  1 )  to  understand  the  physics  of 
the  sources,  losses,  energization,  transport,  and  lifetimes  of 
energetic  particles  in  the  Earth’s  radiation  belts;  2)  to  under¬ 
stand  the  details  of  wave-particle  interactions  (WPI),  both 
natural  and  man  made,  that  result  in  precipitation  of  radiation 
belt  particles;  and  3)  to  utilize  this  experimental  data  base  to 
greatly  improve  the  accuracy  of  trapped  radiation  belt  models. 
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Experiment  Description  and  Operations 

The  SEP  design  is  based  heavily  on  the  successful  SC-3 
spectrometer4-7  flown  on  the  SCATHA  mission.  Unlike  the 
single-detector  system  used  on  SCATHA,  SEP  consists  of 
three  solid-state  particle  spectrometers  oriented  at  40,  60,  and 
80  deg  from  the  spacecraft  spin  axis.  A  cross-sectional  view  of 
one  of  the  telescopes  is  shown  in  Fig.  1.  Each  spectrometer  has 
four  detector  elements  labeled  A,  D,  E,  and  E'.  Various  logic 
combinations  of  the  four  detector  elements  in  each  spectrome 
ter  are  used  to  determine  the  particle  types  and  energy  ranges, 
which  are  measured  sequentially.  The  operational  modes  of 
each  telescope  are  individually  commandable. 

The  D  detector,  which  is  200-nm-thick  intrinsic  silicon,  is 
used  to  measure  both  the  rate  of  energy  loss  of  the  higher -en¬ 
ergy  particles  and  to  directly  stop  and  measure  the  low-energy 
particles.  The  E  detector,  which  consists  of  a  stack  of  five 
2-mm-thick  silicon  surface-barrier  detectors  in  parallel,  is  lo¬ 
cated  behind  the  D  detector  to  stop  the  higher -energy  particles 
and  to  measure  their  total  energy  loss.  The  E'  detector,  which 
is  a  1000-fim-thick  piece  of  silicon,  is  located  behind  the  E 
detector  and  is  used  as  an  active  collimator.  Following  it  is  a 
tungsten  absorber  that  sets  the  upper  energy  limit  for  analysis. 
The  entire  telescope-configured  stack  is  surrounded  by  the 
anticoincidence  A  detector,  which  consists  of  a  plastic  scintil¬ 
lator  viewed  by  a  photomultiplier  tube.  The  A  detector  senses 
and  rejects  energetic  particles  and  bremsstrahlung  that  pene¬ 
trate  either  the  outer  shielding  walls  of  aluminum  and  tungsten 
or  the  silicon  detector  stack  and  tungsten  absorber.  The  detec¬ 
tor  stack  is  located  behind  a  long,  narrow  collimator  that 
defines  the  3-deg  angular  field  of  view  full  width  at  half 
maximum  (FWHM).  The  aluminum  and  tungsten  effectively 
stop  electrons  with  energy  up  to  5  MeV  and  bremsstrahlung 
photons  with  energy  up  to  about  150  keV. 

Each  of  the  three  identical  SEP  particle  telescopes  has  a 
high-resolution,  3-deg  (FWHM)  field  of  view  provided  by  a 
long  collimator  (20  cm)  containing  10  baffles.  The  collimators 
are  identical  to  the  ones  used  on  the  SC-3  instrument,4  provid¬ 
ing  an  instrument  geometric  factor  of  -  3  x  10" 3  cm:-sr.  For 
the  80-  and  60-deg  telescopes,  measurements  over  12  energy- 
channels  are  obtained  every  0.25  s  with  a  dead  time  of  2  ms. 
Because  of  telemetry  restrictions,  the  40-deg  telescope  accu¬ 
mulates  for  0.5  s  with  a  dead  time  of  4  ms. 


mtAinrunt* 

Fig.  1  Cross-sectional  view  of  one  of  the  SEP  telescopes. 
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The  three  SEP  spectrometer  heads  and  the  analyzer  package 
are  shown  in  Fig.  2.  The  two  units  are  mounted  on  the  bottom 
of  the  spacecraft  and  are  separated  to  achieve  a  lower  temper¬ 
ature  in  the  silicon  detectors  for  improved  low-energy  electron 
detection. s-9 

Each  sensor  operates  from  its  own  256,  8-bit  word  CMOS 
memory,  which  is  individually  addressable  and  loadable  via  a 
16-bit  serial-digital  command.  Four  of  these  words  completely 
define  one  operating  mode  (32-bit  control  register)  for  an 
individual  sensor.  A  mode  is  defined  by  specifying  the  logic 
conditions  (coincidence/anticoincidence),  gain,  detector  for 
pulse-height  analysis,  and  energy  thresholds  required  between 
the  four  detector  elements  to  uniquely  establish  a  particular 
type  and  energy  range  for  analysis.4 

Several  modes  can  be  programmed  in  sequence  to  empha¬ 
size  one  particle  type,  to  obtain  comprehensive  measurements 
for  special  events  such  as  solar  flares,  or  to  dwell  on  a  narrow 
energy  range  for  any  particle  type.  A  hard-wired  backup  mode 
that  measures  the  higher-energy  electrons  (215-5100  keV)  is 
independent  of  the  memory  and  is  used  automatically  at  turn¬ 
on  and  whenever  the  memory  is  being  loaded  or  disabled.  The 
basic  programmable  mode  parameters  are  the  energy  range 
and  energy  channet  widths  for  the  electrons  and  for  the  pro¬ 
tons.  Typical  modes  that  may  be  used  during  the  CRRES 
mission  are  shown  in  Table  1. 

Calibration 

The  SEP  sensor  heads  were  calibrated  using  electron  and 
proton  beams  from  accelerators  at  the  Goddard  Space  Flight 
Center  (GSFC)  in  Greenbelt,  Maryland,  and  at  Flarvard  Uni¬ 
versity  in  Cambridge,  Massachusetts.  Two  accelerators  were 
utilized  at  GSFC,  a  low-energy  electron  machine  for  energies 
up  to  150  keV  and  a  Van  de  Graaff  accelerator  with  a  maxi¬ 
mum  energy  of  1.5  MeV  for  both  electrons  and  protons.  The 
sensors  were  in  vacuum  at  room  temperature  for  these  runs. 
The  beam  rate  of  the  low-energy  accelerator  was  stable  to 
about  25%  at  a  few  thousand  counts  per  second  for  electrons 
between  25  and  150  keV.  The  Van  de  Graaff  accelerator 


Fig.  2  Photograph  of  the  three  SEP  telescopes  mounted  together 
and  the  electronics  analyzer  package. 


extended  the  electron  measurements  to  1500  keV  in  10  steps 
and  started  the  proton  range  from  500  to  1500  keV  in  five 
energy  steps. 

High-energy  proton  calibrations  were  done  in  air  at  the 
Harvard  Cyclotron  Laboratory  for  eight  energy  steps  between 
35  and  100  MeV.  The  159-MeV  proton  beam  was  reduced  in 
energy  by  absorbers  that  produce  a  beam  energy  spread  of  less 
than  6%  at  90  MeV  and  above,  whereas  the  spread  is  about 
40%  at  the  lowest  energies.  The  measured  energy  deposition 
from  higher-energy  protons  penetrating  the  detectors  was 
within  1  MeV  of  calculated  values. 

Figure  3  shows  examples  of  calibration  data  for  electrons 
and  protons.  The  spectra  of  monoenergetic  beams  were  ob¬ 
tained  with  a  laboratory  multichannel  analyzer  and  were  re¬ 
lated  to  the  12  channels  of  the  flight  pulse-height  analyzers  by 
voltage  levels.  The  calibration  data  were  used  to  specify  the 
energy  ranges  for  each  mode  of  each  sensor  as  shown  in  Table 
1 .  The  mode  ranges  are  electronically  divided  into  12  channels, 
each  approximately  having  the  channel  width  shown  in  the 
table.  The  energy  ranges  in  Table  1  show  some  overlap  be¬ 
tween  modes.  The  particle  collimation,  the  D  detector  absorp¬ 
tion,  and  the  sensor  coincidence  circuitry  combine  to  signifi¬ 
cantly  reduce  the  overlap. 


Results 

SEP  commenced  normal  operations  on  August  7,  1990, 
after  a  successful  instrument  activation  period.  Preliminary 
results  are  shown  in  Figs.  4  and  5.  Figure  4  shows  pitch  angle 
spectrograms  for  electrons  and  protons  measured  during  orbit 
79  by  the  sensor  that  is  80  deg  from  the  spin  axis.  This  orbit 
occurred  several  days  after  the  commencement  of  a  moderate 
magnetic  storm  (Dst  =  -  116).  Each  panel  shows  the  relative 
flux  of  electrons  or  protons  integrated  over  the  energy  ranges 
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Fig,  3  Examples  of  calibration  data  showing  typical  spectra  of  the 
particle  beams  and  the  pulse-height  responses  vs  energy  in  all  three 
sensors  for  high-energy  electrons  and  protons. 


Table  \  SEP  initial  energy  range  and  channel  width 


Sensor 

A 

Sensor  B 

Sensor  C 

Mode 

Energy 
range,  MeV 

Width, 

MeV 

Energy 
range,  MeV 

Width. 

MeV 

Energy 
range.  MeV 

Width, 

MeV 

Electron  1 

0.042-0.324 

0.0235 

0.042-0.336 

0.0245 

0.041-0.313 

0.0227 

Electron  2 

0.164-4.93 

0.397 

0.171-5.12 

0.413 

0.170-5.11 

0.412 

Proton  1 

0.875-6.60 

0.478 

0.916-6.70 

0.482 

0.920-6.80 

0.490 

Proton  2 

2.5-38.7 

3.01 

2.2-33.7 

2.63 

2.0-30.4 

2.3' 

Proton  3 

35.8-80.2 

3.7 

31.2-69.9 

t,  :: 

28.2-63.1 

2.91 

Proton  4 

45-94 

4.08 

45-105 

5 .00 

45-110 

5.42 

Alphas 

6.8-24 

1.43 

6.90-24.3 

I  45 

7.00-24. 

1.47 
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ONR  307-3  SEP 
ORBIT  79  27  AUG  I960 


Fig,  4  Pitch  angle  spectrograms  showing  relative  intensities  of  elec¬ 
trons  and  protons  measured  during  orbit  79.  The  intensities  art  nor¬ 
malized  to  the  average  differential,  directional  flux  measured  during 
the  64-s  sampling  interval. 


ORBIT  79  27  AUG  1990 
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Fig.  5  Energy  time  spectrograms  showing  approximately  spin-aver¬ 
aged  fluxes  of  electrons  during  orbits  77  and  79. 


indicated  in  the  upper  right-hand  portion.  The  intensity  is 
color  coded  according  to  the  flux  in  4-deg-wide  pitch  angle 
bins  normalized  to  the  average  differential,  directional  flux 
measured  during  each  sampling  interval.  A  full  energy  and 
pitch  angle  distribution  is  obtained  in  64  s  in  the  normal  SEP 
operating  mode.  The  time  axis  in  the  plot  is  arranged  with 
perigee  near  the  beginning  and  end  and  apogee  at  the  center. 
Note  how  the  pitch  angle  coverage  for  this  detector  varies 
during  the  orbit.  Depending  on  the  orientation  of  the  magnetic 
field,  data  from  the  other  two  sensors  can  extend  the  pitch 
angle  coverage  achievable  with  a  single  telescope.  Evidence  for 
both  pancake  and  butterfly  pitch  angle  distributions  are  ap¬ 
parent  in  this  display. 

Figure  5  shows  energy  time  spectograms  for  electrons  mea¬ 
sured  during  orbits  77  and  79.  The  differential  number  fluxes 


are  averaged  over  32  s;  because  the  satellite  spin  is  about  29  s, 
these  are  approximately  spin-averaged  fluxes.  The  data  for 
each  orbit  are  shown  in  two  panels  corresponding  to  the  iow- 
and  high-energy  electron  ranges.  The  large  dropout  in  fluxes 
in  the  first  half  of  the  orbit  is  a  result  of  the  magnetic  storm 
that  commenced  one  orbit  earlier.  Two  orbits  later,  the  en¬ 
ergetic  particle  fluxes  have  recovered.  Just  after  12  UT  in  orbit 
79  there  are  three  dispersive-like  electron  events  possibly  asso¬ 
ciated  with  substorm  activity. 

To  obtain  the  differential  particle  flux  from  the  SEP  data, 
the  counts  in  each  sampling  interval  are  divided  by  the  product 
of  the  live  time,  the  spectrometer  geometric  factor,  the  energy- 
width  of  the  channel  for  the  particular  mode,  and  the  sensor 
particle  detection  efficiency  for  the  channel.  Pitch  angle  distri¬ 
butions  for  each  sensor  are  calculated  using  the  sensor  look 
directions  and  the  magnetic  field  direction  determined  from 
the  onboard  magnetometer. 

Conclusions 

The  SEP  experiment  on  CRRES  operated  almost  continu¬ 
ously  throughout  the  lifetime  of  the  spacecraft.  The  data 
obtained  in  the  CRRES  orbit  allows  the  computation  of  the 
particle  distribution  functions  in  phase  space  for  energetic 
electrons  and  protons  throughout  the  radiation  belts.  These 
distributions  can  be  used  for  developing  models  of  both  the 
static  and  dynamic  radiation  belt  populations.  Preliminary- 
work  toward  a  dynamic  model  has  been  completed  using 
SCATHA  outer-belt  electron  distributions  together  with  a 
general  solution  to  a  simple  form  of  the  simultaneous  bimodal 
(radial  and  pitch-angle)  diffusion  equation.10-11  The  SEP  data 
are  especially  suited  for  these  types  of  studies  because  of  the 
good  angular  resolution  and  extended  pitch  angle  coverage 
provided  by  the  three  telescopes. 
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ABSTRACT 


Direct  measurements  of  energetic  neutral  atoms  (ENA)  and  ions  have  been 
obtained  with  the  cooled  solid  state  detectors  on  the  low  altitude  (220  km)  three- 
axis  stabilized  S81 -1/SEEP  satellite  and  on  the  spinning  400  km  x  5.5  Re  CRRES 
satellite.  During  magnetic  storms  ENA  and  ion  precipitation  (E  >  10  keV)  is 
evident  over  the  equatorial  region  from  the  LE  spectrometer  on  the  SEEP 
payload  (ONR  804).  The  spinning  motion  of  the  CRRES  satellite  allows  for 
simple  mapping  of  the  magnetosphere  using  the  IMS-HI  (ONR  307-8-3)  neutral 
spectrometer.  This  instrument  covers  the  energy  range  from  20  to  1000  keV  and 
uses  a  7  kG  magnetic  field  to  screen  out  protons  less  than  about  50  MeV.  ENA 
and  the  resulting  low-altitude  ion  belt  have  been  observed  with  the  IMS-HI 
instrument.  Recently,  an  advanced  spectrometer  (SEPS)  has  been  developed  to 
image  electrons,  ions,  and  neutrals  on  the  despun  platform  of  the  POLAR  satellite 
(~1.8  x  9  Re)  for  launch  in  the  mid-90's  as  part  of  the  NASA  ISTP/GGS 
program.  For  this  instrument  a  256  element  solid  state  pixel  array  has  been 
developed*  that  interfaces  to  256  amplifier  strings  using  a  custom  16  channel 
microcircuit  chip.  In  addition,  this  instrument  features  a  motor  controlled  iris 
wheel  and  anticoincidence  electronics. 

2.  INTRODUCTION 


Energetic  neutral  atoms  are  an  important  tracer  of  energetic  ion  collisions 
with  neutrals  in  solar  and  planetary  plasmas1.  Global  scale  images  of  the  earth’s 
ring  current  (2<L<4)  may  be  remotely  sensed  from  either  above  the  earth's 
radiation  belt2  cr  from  below  the  radiation  belt  at  low  altitude3.  Neutral  atoms 
can  therefore  provide  a  mapping  of  the  internal  composition,  spatial  geometry, 
and  temporal  changes  of  the  ring  current,  weighted  by  the  appropriate  cross 
sections  and  neutral  hydrogen  density;  it  provides  a  powerful  method  of  studying 
the  magnetosphere. 

The  source  of  energetic  neutral  atoms  (ENA)  is  believed  to  be  a  double¬ 
charge-exchange  process  of  ions  originating  in  the  ring  current 4* 5  as  shown  in 
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Figure  1.  The  trapped  ions  of  the  ring  current,  by  charge  exchange  with  thermal 
hydrogen  atoms  of  the  geocorona,  become  high  velocity  neutral  atoms  which  are 
focused,  for  those  directed  toward  the  earth,  in  the  equatorial  atmosphere  where 
they  again  become  ions  by  ionization  collisions.  The  injected  energetic  neutrals  at 
low  altitudes  produce  the  equatorial  precipitation  zone  and  a  temporary  low 
altitude  ion  belt  between  200  and  1000  km  as  illustrated  in  Figure  1. 


Fig.  1.  Schematic  representation  of  the  ENA  and  resulting  low  altitude  ion  belt  and  precipitation. 


3.  RING  CURRENT  NEUTRALS  AT  LOW-ALTITUDE 

The  low-altitude  ion  belt  cannot  be  the  result  of  stably  trapped  particles 
since  the  ion  lifetime  is  much  less  than  the  drift  period.  Figure  2  shows  the 
equatorial  zone  of  particle  precipitation6  as  it  appears  in  satellite  measurements  of 
particles  by  Hovestadt  et  al.7,  Moritz4,  Mizera  and  Blake8,  Butenko  et  al.9, 
Scholer  et  al.10,  and  Meier  and  Weller11.  The  intensities  have  been  normalized  to 
unity  at  the  maximum.  The  data  were  taken  during  moderately  disturbed  times. 
The  zone  typically  covers  the  region  of  ±  20  degrees  in  latitude  from  the 
geomagnetic  equator. 
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Fig.  2.  The  nighttime  equatorial  zone  as  it  appears  in  satellite  observations  of  particle  flux  and  UV 
airglow.  The  intensity  is  normalized  to  the  maximum  value  [6J. 


FLUX  (ernes  ' Stef  ■’) 

Fig.  3.  Rocket  and  satellite  data  of  ions  and 
neutrals  at  the  equator.  1  is  from  Voss  and 

Smith*2  ,  2  is  from  Butenko  et  al.^  ,  3  is 

from  Moritz^,  4  is  from  Mizera  and  Blake** 
and  5  is  based  on  the  S8 1-1/SEEP  data 
after  the  13  July  1982  magnetic  storm. 


Low  altitude  rocket12  and 
satellite  measurements4  at  the  equator 
(Figure  3)  indicate  that  the  ions  axe 
concentrated  at  90°  pitch  angle  with 
an  altitude  profile  which  increases 
rapidly  in  intensity  between  180  and 
260  km  and  becomes  nearly 
independent  of  altitude  thereafter. 
Because  the  loss  process  for  ions 
increases  with  atmospheric  density 
the  source  must  also  increase  with 
atmospheric  density  to  maintain  a 
constant  flux  profile  between  300 
and  1000  km.  The  inferred  source 
mechanism  is  the  charge  exchange 
process  of  ring  current  ions  which  is 
illustrated  in  Figure  1.  The  low 
altitude  energy  spectrum  is  similar  to 
that  of  the  ring  current,  with  most  of 
the  particles  having  energies  between 
10  <  E  <  100  keV  and  with  the 
spectrum  extending  above  1  MeV. 
The  precipitation  rate  is  on  the  order 
of  10 3 ergs  ernes'1. 
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4.  S81-1  SATELLITE  OBSERVATIONS 


From  May  to  December  1982,  the  SEEP  payload  on  the  three  axis 
stabilized  S81-1  polar  satellite  made  high  sensitivity  measurements  of 
precipitating  energetic  electrons  and  ions  in  the  altitude  region  170  to  270  km. 
The  payload  included  an  array  of  passively  cooled  solid-state  detectors13  covering 
the  energy  range  from  2  to  1000  keV  in  256  channels.  The  sensors  had  a 
geometrical  factor  of  0.17  cm2ster  and  a  field-of-view  of  ±  20°. 

The  SEEP  data  during  the  13-14  July  magnetic  storm14  is  shown  in 
Figures  4  and  5.  The  prominent  equatorial  zone  is  observed  between 
geomagnetic  latitudes  of  ±  20°  and  is  stable  and  repeatable  in  form  during  each 
equatorial  pass.  The  twin  peaks  in  the  ion  flux  (i.e.  maxima  displaced  ±  10°  in 
latitude  about  the  geomagnetic  equator)  are  consistent  with  the  north  and  south 
side  lobes  of  the  temporary  ion  radiation  belt  (Figure  1). 
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Fig.  4.  Low  altitude  S8 1-1/SEEP  satellite  observations  of  precipitating  energetic  particles  in  the 
midlatitude  and  equatorial  zones  [14]. 
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The  temporal  variations  of  ions  in  the  equatorial  zone  are  shown  in  the  top 
panel  of  Figure  5.  In  the  center  panel  the  L  shell  variation  of  the  plasma  trough 
location  and  the  equatorward  auroral  boundary  (EAB)  location  are  shown  and 
indicate  the  relative  compression  of  the  magnetosphere  and  the  displacement  of 
the  auroral  zone  to  middle  latitudes.  The  magnetic  indices  Kp  and  Dst  are  shown 
in  the  lower  panel.  Near  01:00  hours  UT  on  14  July  1982  the  storm  reaches  a 
maximum  (Dst  =  -325)  and  the  equatorial  zone  ion  flux  is  observed  to 
simultaneously  increase  by  a  factor  of  about  500  over  pre-storm  levels.  The 
energetic  equatorial  neufals  and  ions,  however,  remain  high  (~103cm2  s l)  after 
the  storm  and  confirm  th3  development  of  a  low  latitude  (L  ~  1.14)  ion  radiation 
belt  during  the  storm  main  phase  that  decays  relatively  slowly  in  time  producing 
the  equatorial  zone  ionization.  The  similarity  of  the  day  and  night  intensity  and 
slow  temporal  variation  of  energetic  particles  in  the  equatorial  zone  indicate  the 
global  extent  of  ion  precipitation. 


o  6  12  18  0  6  12  18  0 

13  JULY  (UT)  14  JULY 


Fig.  5.  Variation  of  equatorial  zone  ENA/ion  precipitation  during  the  magnetic  storm  of  13-14  July 
1982.  The  location  of  the  plasma  13-14  July  1982.  The  Location  of  the  plasma  (EAB)  are  also 
shown  [14]. 
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5.  CRRES  ION  MASS  AND  NEUTRAL  ATOM  SPECTROMETER 

The  contiguous  mapping  of  the  particle  distribution  by  the  CRRES  satellite 
over  the  radial  distance  range  from  400  km  to  5.5  Re  near  the  equatorial  plane 
provides  a  comprehensive  data  base  that  can  be  used  for  studies  of  the  radiation 
belt  and  ring  current.  The  primary  objective  of  the  medium  energy  ion  mass 
spectrometer  (IMS-HT)  on  the  CRRES  satellite  was  to  obtain  the  necessary  data  to 
construct  models  of  the  energetic  ion  (10  to  2000  keV>AMU/q2)  and  neutral  atom 
(10  to  1500  keV)  environment  of  the  Earth's  radiation  belts.  The  spectrometer15 
measured  the  energetic  ion  composition,  energy  spectrum,  charge,  and  pitch 
angle  distribution  with  good  mass,  temporal,  and  spatial  resolution.  Additionally 
simultaneous  mass  and  energy  analysis  at  relatively  large  geometrical  factors  (10 3 
to  10 2  cm2ster)  was  obtained. 


Fig.  6.  The  IMS -HI  instrument  on  CRRES  uses  ion  momentum,  mass  defect,  and  energy  analysis 
from  a  7  kG  magnet  and  an  array  of  cooled  solid-state  detectors.  The  magnet  is  shown  in  the  lower 
portion  of  the  figure  and  the  ENA  and  ion  optics  in  the  upper  portion. 
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The  instrument  principle  of  operation  is  illustrated  in  Figure  6  and  is  based 
on  ion  momentum  separation  in  a  7kG  magnetic  field  followed  by  energy  and 
mass  defect  analysis  using  an  array  of  cooled  (-50°C)  silicon  solid-state  detectors. 
The  entrance  collimator  consists  of  a  series  of  rectangular  baffles  that  define  the 
ion  and  neutral  beam  angular  resolution  and  a  broom  magnet  to  reject  electrons 
with  energy  less  than  1  MeV.  A  seventh  sensor,  located  directly  in  line  with  the 
collimator,  measures  energetic  neutrals  and  has  an  ion  rejection  of  approximately 
50  MeV-AMU/q2  .  In  principal  the  spin  of  the  satellite  and  orbit  motion  can  be 
used  to  "raster  scan"  a  portion  of  the  magnetospere  to  obtain  a  neutral  atom 
image.  In  practice,  however,  the  duty  cycle  associated  with  the  spinning  of  the 
satellite  and  the  background  of  the  radiation  belts  make  this  a  difficult  task  from 
CRRES. 


IMS-HI  DETECTOR  2 
25  MARCH  1991 


Fig.  7.  Mass  spectrograms  on  25  March  1991  from  the  EMS-HI  instrument  on  CRRES  of  the  low 
altitude  ion  belt  which  is  understood  to  be  the  result  of  ENA  and  the  associated  ring  current  mass 
spectrogram  at  L-2.2. 


Near  perigee  (clOOOkm),  when  CRRES  is  below  the  inner  belt,  the  IMS-HI 
instrument  is  able  to  directly  view  the  ring  current  neutrals  and  ion  composition 
of  the  low-altitude  ion  belt.  Above  the  inner  belt  the  IMS-HI  instrument  is  able  to 
make  cross-sectional  cuts  of  the  ring  current  ion  composition.  About  one  day 
after  the  large  magnetic  storm  of  24  March  1991  the  ring  current  ions  were 
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observed  to  increase  and  move  to  lower  altitudes.  The  ring  current  flux  at  this 
time  extends  down  to  L-2.0  and  is  dominated  by  hydrogen  at  E~60  keV.  0+, 
0++,  and  He+  are  one  to  two  orders  of  magnitude  less  in  flux  at  these  energies. 

The  ENA  transported  to  low  altitude  is  again  charge  exchanged  by  the 
atmosphere  and  temporarily  becomes  the  low-altitude  ion  belt.  Because  the  ions 
cannot  support  drift  motion  in  much  of  the  belt  the  loss  rate  is  high.  The  steady- 
state  ion  population  to  first  order  is  a  mapping  of  the  source  composition 
multiplied  by  the  appropriate  atmospheric  loss  rates.  A  mass  spectrogram  of  the 
low  altitude  ion  belt  for  detector  two  is  shown  for  the  first  time  in  figure  7  for 
25  March  1992.  Also  shown  for  comparison  is  the  mass  spectrogram  of  detector 
two  near  the  inside  edge  of  the  ring  current  at  L~  2.2.  At  this  time  the  prominent 
ion,  inferred  from  the  ring  current  ENA  is  H+  at  60  keV.  The  average  low- 
altitude  hydrogen  count  rate  is  about  2000  times  lower  than  the  average  count 
rate  in  the  ring  current  for  the  IMS-HI  spectrometer. 

6.  SEPS  ENERGETIC  PARTICLE  IMAGER 


SEPS  (Source-Loss/Cone  Energetic  Particle  Spectrometer)  is  to  be  flown  in 
the  mid-90's  on  the  POLAR  Satellite  in  the  NASA  ISTP  Program.  Because  SEPS 
is  mounted  on  the  POLAR  spacecraft  despun  platform  and  is  capable  of  imaging 
particles  over  a  24°  x  48°  field-of-view  in  the  nadir  and  zenith  directions  the 
particle  "source  cone"  and  "loss  cone"  can  be  monitored  continuously  and 
simultaneously.  In  addition,  over  the  polar  caps,  SEPS  will  be  able  to  image 
ENA. 


The  ion/neutral  telescope  on  SEPS  has  128  XY  pixel  elements  over  a  1  in2 
by  200  micron  deep  solid  state  detector.  A  strong  broom  magnet  rejects 
electrons  from  the  entrance  collimator  of  the  SEPS  pinhole  camera.  A  SiLi 
detector  behind  the  XY  detector  is  used  for  anticoincidence.  The  instrument  is 
designed  to  cover  the  energy  range  from  30  keV  to  10  MeV. 

In  addition  to  the  SEPS  ion/neutral  telescope  the  "electron"  telescope  of 
SEPS  can  measure  ions  and  neutrals  above  300  keV  in  256  pixels  over  2  in2.  For 
this  telescope  a  motor  driven  iris  can  change  the  aperture  size  upon  command 
thereby  optimizing  the  instrument's  geometrical  factor  and  associated  spatial 
resolution.  Unique  electron,  ion,  and  neutral  particle  images  are  expected  with 
100%  duty  cycle.  The  SEPS  instrument  mass  is  3.4  kg,  the  power  consumption 
3.5 W,  and  the  telemetry  rate  is  1.2  kbps. 
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7.  ADVANCED  MICROCIRCUIT  TECHNOLOGY  FOR  IMAGING 

SPECTROMETERS 


State-of-the-art  sensors  and  electronics  are  required  on  future 
instrumentation  to  perform  energetic  particle  imaging  and  spectroscopy  within 
spacecraft  resources.  Neutral  atom  imaging  requires  large  geometrical  factor 
sensors  with  multi-pixels  and  good  background  rejection.  Background  rejection 
can  be  improved  by  using  anticoincidence  detectors  (as  in  SEPS),  electric  and 
magnetic  field  deflectors  in  the  optical  path,  coincidence  time-of-fiight 
techniques,  and  coded  aperture  devices  to  improve  signal-to-noise. 


XY  DETECTOR 


Fig.  8.  System  block  diagram  of  an  advanced  microcircuit  detector  and  analog/digital  microchips  to 
spectroscopicly  image  energetic  particles. 


A  recent  review  of  instrumentation  techniques  for  the  remote  sensing  of 
space  plasmas  in  the  heliosphere  via  energetic  neutral  atoms  has  been  presented 
by  Hsieh  et  al.1  Much  of  die  proposed  new  instrumentation  is  based  on  rather 
sophisticated  sensor  electronics  demands.  To  simplify  instrument  development 
and  greatly  reduce  instrument  spacecraft  resource  requirements  the  development 
of  advanced  microcircuits,  solid-state  detectors,  and  microchannel  plate  sensors 
have  been  pursued.  Figure  8  illustrates  the  key  modules  which  have  been 
developed  as  part  of  the  SEPS  program. 

To  minimize  capacitance  (i.e.  low  energy  threshold)  and  crosstalk  a  1  in2 
by  200  micron  thick  solid  state  sensor  was  developed  with  Hamamatsu  Inc.  that 
has  256  pixels  with  individual  readouts  (Figure  8).  The  proton  dead  zone  for  this 
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device  was  found  to  be  8  keV  and  has  an  energy  resolution  at  room  temperature 
of  2  keV  FWHM. 


Thousands  of  sensor  elements  require  microcircuit  technology  to  amplify 
and  process  the  data.  To  achieve  this  an  advanced  CMOS  mixed  mode  (combined 
analog  and  digital)  gate  array  microcircuit  was  developed  that  is  radiation  hard. 
A  gate  array  is  a  matrix  of  transistors  on  a  microcircuit  that  can  be 
interconnected  for  unique  circuit  functions.  Because  the  matrix  is  mass  produced 
and  well  characterized  (semi-custom)  the  risk,  cost,  and  turnaround  are 
significantly  reduced  compared  to  a  full  custom  microcircuit.  The  arrays  are 
highly  reliable  since  they  significantly  reduce  the  number  of  bonds  and  PC  board 
parts  and  permit  a  parallel  system  architecture. 

The  first  circuit  developed  on  the  rad-hard  array  (Figure  8)  is  a  16  channel 
amplifier  chip  that  features;  1)  0.5  microsecond  shaping,  2)  peak  detection,  3)  32 
individual  comparators  with  D  to  A  control,  and  4)  coincidence  and 
anticoincidence  logic.  To  date,  a  single  channel  version  of  this  chip  has  been 
tested.  The  input  preamplifier  is  designed  to  work  with  a  microchannel  plate  or 
sensor  in  a  DC  coupled  mode  to  a  solid  state  detector. 

The  second  circuit  developed  is  a  pulse  height  analyzer  (PHA)  chip  that  can 
accumulate  counts  in  an  external  RAM  according  to  energy  and  position.  It  also 
includes  eight  17  bit  counters  and  a  16  level  flash  A  to  D  converter  for  log  or 
linear  analysis. 

The  third  chip  features  the  necessary  10  functions  to  interface  with  the 
spacecraft  and  the  onboard  microprocessor.  Some  of  the  features  of  the  IO 
circuit  include  1)  8-bit  D  to  A  converter  with  calibrate  pulse  output,  2)  eight 
multiplexed  inputs  to  a  8  bit  A  to  D  converter,  3)  interrupt  controller,  4)  16-bit 
counter  timer,  5)  address  decoding,  6)  parallel  port,  7)  serial  port,  and  8) 
internal  clock  processing. 


8.  CONCLUSIONS 

Global  geospace  cannot  be  effectively  observed  by  multiple  in  situ 
measurements.  The  dynamics  of  the  ring  current  are  only  partially  understood 
[16].  The  ability  to  remotely  sense  the  heliosphere  via  ENA  may  significantly 
improve  our  understanding  of  the  large  scale  dynamics  of  planetary 
magnetospheres  and  shocks.  Many  rocket  and  satellite  measurements  to  date  have 
indicated  the  credibility  of  ENA  and  the  resulting  low-altitude  ion  fluxes.  The 
recent  CRRES  data  has  now  made  it  possible  to  compare  the  ion  composition  of 
the  ring  current  with  the  energetic  neutrals  and  the  resulting  ion  composition  at 
low  altitudes. 
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Future  instrumentation  must  be  carefully  designed  to  maintain  a  large 
geometrical  factor  with  a  high  background  rejection  capability.  Although  the 
SEPS  instrument  geometrical  factor  is  small,  its  ability  to  stare  at  the  ring  current 
when  over  the  polar  cap  for  several  hours  will  improve  the  signal-to-noise  ratio. 

The  implementation  of  several  new  technologies  makes  ENA  imaging  an 
attractive  diagnostic  tool  for  mapping  the  global  particle  environment. 
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Appendix  4 


Abstracts  of  Papers  Presented 


CRRES  IMS-HI  Energetic  Ion  Composition  1.  1991  Fall  Meeting 

Measurements  During  the  August  1990 

and  March  1991  Storms  2.  001 387177 


H.D.  Voss  J.  Mobilia  and  R.A.  Baraze  (Lockheed  Palo 
Alto  Research  Laboratory,  3251  Hanover  St.,  Pato 
Alto,  CA  94304) 


The  energetic  ion  composition  (10  to  2000  keV- 
AMU/q2  )  during  the  26  August  1990  and  24  March 
1991  storms  provides  unique  insight  into  the 
dynamics  of  the  radiation  belts  compared  to  quiet¬ 
time  profiles.  The  IMS-HI  (ONR  307-8-3) 
spectrometer  on  the  CRRES  satellite  measures  the 
energetic  ion  composition,  energy  spectrum  charge, 
and  pitch  angle  distribution  with  good  mass, 
temporal,  and  spectral  resolution.  One  of  the 
instrument  detectors  measures  neutrals  with  ion 
rejection  of  <  100  MeV/AMU/q2.  Because  IMS-HI 
has  a  relatively  large  geometric  factor  and  100% 
duty  cycle  the  instrument  is  well  suited  for  mapping 
the  fluxes  of  radiation  belt  H+,  He+,  0+,  0++.  and 
neutrals  during  quiet  time  periods  and  for  the  study 
of  wave-particle  interactions  and  the  loss-cone 
fluxes.  For  the  August  storm  ULF  waves  in  H+  and  0+ 
are  observed  as  precursors  to  the  sudden 

commencement  and  occur  in  both  storms  during 
several  of  the  injection  events.  A  product  of  the  IMS- 
HI  investigation  is  to  obtain  an  energetic  particle 
database  of  the  penetrating  radiation  fluxes  for 
specifying  and  modeling  the  radiation  belt 
environment. 
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9.  Contributed 


Observations  from  the  IMS-HI  (ONR  307-8-3) 
Energetic  Neutral  and  Ion  Composition 
Instrument  on  the  CRRES  Satellite 

J.  Mobilia  H  .D.  Voss  and  R.A.  Baraze  (Lockheed 
Palo  Alto  Research  Laboratory,  3251  Hanover  St., 
Palo  Alto,  CA  94304) 

Observations  made  with  the  IMS-HI  (ONR  307-8-3) 
energetic  neutral  and  ion  composition  instrument 
on  the  CRRES  satellite  will  be  presented.  CRRES 
was  launched  into  a  geosynchronous  transfer  (350 
x  33500  km)  orbit  on  25  July  1990  at  an 
inclination  of  18.1  degrees  and  period  of  -10  hours. 

The  IMS-HI  spectrometer  simultaneously 
measures  mass,  charge,  and  energy  for  10  to  2000 
ke  V-AMU/q2  ions  with  high  time  resolution  and 
100%  duty  cycle.  The  instrument  consists  of  seven 
detectors  with  the  seventh  measuring  neutrals  in 
the  10  to  1500  keV  range.  The  major 
magnetospheric  ions,  H+,  He+,  0+,  and  0++  are 
measured  with  high  sensitivity  which  allows  good 
radiation  belt  mapping.  Intensity  modulations  in 
the  particle  distribution  have  been  observed  on 
numerous  occasions  and  will  be  discussed.  The 
energetic  neutral  atoms  and  ion  composition 
profiles  are  used  as  a  basis  for  developing  models 
of  the  radiation  belt  populations. 
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CHILES  Energetic  Particles  and  Ion  Composition  Measurements 
During  the  March  1991  S'orm 

R  M  Robinson.  H  L  Collin,  H  D  Voss,  R  R  Vondrak,  R  W  Nightin¬ 
gale  and  W  L  Imhof,  (Lockheed  Palo  Alto  Research  Labora¬ 
tory,  3251  Hanover  St.,  Palo  Alto,  CA  94304) 

The  ONR  307  experiment  package  on  the  Combined  Release  and 
Radiation  Effe  :ts  Satellite  (CRRES)  consists  of  three  different 
types  of  instruments  that  measure  particle  fluxes  and  ion  com¬ 
position  with  good  temporal  and  angular  resolution.  The  Spec¬ 
trometer  for  Electrons  and  Protons  (SEP)  measures  electrons 
with  energies  from  40  keV  to  5  MeV  and  protons  with  energies 
between  900  keV  and  40  MeV.  The  low  energy  ion  mass  spec¬ 
trometer  (IMS-LO)  measures  electrons  and  major  ions  between 
110  eV  and  35  keV.  The  medium  energy  ion  mass  spectrometer 
(IMS-HI)  measures  the  composition  of  ions  at  ring  current  ener¬ 
gies.  The  development  of  the  March  1991  storm  over  the  energy 
ranges  and  particle  types  sampled  by  the  ONR  307  instruments 
will  be  described.  The  SEP  instrument  monitored  the  dramatic 
increases  in  energetic  electrons  and  protons  associated  with  the 
storm  including  the  onset  of  the  solar  proton  event  at  1100  UT 
on  23  March  and  the  second  proton  belt  beginning  at  0400  UT 
on  24  March.  The  IMS-LO  data  show  persistent  dispersive  sig¬ 
natures  in  the  ion  fluxes  that  are  suggestive  of  multiple  injection 
events.  Dynamic  variations  in  the  low  energy  plasma  fluxes  were 
observed  near  apogee  in  association  with  the  storm.  The  IMS- 
HI  measurements  provide  information  about  the  behavior  of  the 
ring  current.  The  data  from  these  three  experiments  are  inter- 
compared  to  study  the  relative  responses  of  electrons  and  ions 
over  a  broad  energy  range  throughout  the  storm  period. 


9 


1.  1991  Fail  Meeting 

2.  001385846 

3.  R.  M.  Robinson 
Dept  91-20,  Bldg  255 
Lockheed 

3251  Hanover  St. 

Palo  Alto,  CA  94304 
(415)  424-3296 

4.  SM 

5.  (a)SHOl-The  solar, 
heliospheric  and 
magnetospheric 
environment:  March 
21-April  9,  1991 
(b)2720- Energetic 
particles-trapped 

5.  0 

r.  o 

I.  Invoice  P.O.  ZAP24235 
Technical  Information 
Dept  90-11,  Bldg  201 
Lockheed 
3251  Hanover  St. 

Palo  Alto,  CA  94304 
Attn:  Jan  Thomas 
(415)424-2810 

.  Contributed 


74 


Spring  Agu  1992 

Intense  >10  MeV  Particle  Injection  Near  L=2.5  During  the  24  March 
1991  Magnetic  Shock 

H  D  Voss  W  L  Imhof  M  Walt  J  Mobilia  R  M  Robinson  and 
R  W  Nightingale 

(Lockheed  Palo  Alto  Research  Laboratory, 

3251  Hanover  St,  Palo  Alto,  CA  94304) 

On  24  March  1991  a  strong  magnetospheric  shock  reached  the  Earth  at  3:42  UT. 
Between  3:42  and  3:54  the  ONR  307  instruments  on  the  CRRES  satellite  measured 
impulsive  bursts  of  >10  MeV  electrons,  protons,  and  alphas  in  the  slot  region 
(2.1  <  L  <  2.5)  near  the  equator  at  3  MLT.  The  electron  bursts  are  consistent 
with  drift  echos  of  about  15  MeV  while  the  protons  are  consistent  with  drift 
echos  of  >20  MeV.  Particle  measurements  were  obtained  with  the  High-Energy  Ion 
Mass  Spectrometer  (IMS-HI)  and  the  Spectrometer  for  Electrons  and  Protons  (SEP) 
which  are  part  of  the  ONR  307  experiment  on  CRRES.  IMS-Ill  uses  a  7  KG  magnet 
and  7  solid-state  detectors  to  analyze  ion  mass  and  energy.  No  medium  energy 
18  keV  <  E  <  1*5  MeV  ion  bursts  were  observed  at  this  time.  However,  in  the 
neutral  detector,  which  is  also  sensitive  to  protons  with  E>50  MeV,  a  particle 
burst  was  observed  0.5  minutes  before  the  electron  peak.  SEP  employs  a 
telescope  of  three  solid-state  detectors  and  is  surrounded  by  a  scintillator. 

During  the  burst  event  the  instrument  scanned  through  8  logic  modes  to  measure 
electrons  (40  keV  <  E  <  5  MeV),  protons  (0.9  <  E  <  100  MeV),  and  alphas  (7  <  E 
<  24  MeV).  Simultaneous  injection/acceleration  of  >  10  MeV  particles  at  L  ~  2.5 
with  a  sudden  commencement  is  surprising  and  suggests  that  an  unexpected 
acceleration  mechanism  is  active  in  that  region. 
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Acceleration  of  Particles  to  >  10  MeV  at  L— 2.5 
during  a  Sudden  Commencement 

H.  D.  VOSS  (Lockheed  Palo  Alto  Research  Laboratory,  Palo 
Alto,  California  94304) 

Simultaneous  injection/acceleration  of  >10  MeV  particles 
at  L  of  about  2.5  with  a  magnetic  storm  onset  is  surprising  and 
suggests  a  powerful  injection  mechanism.  On  24  March  1991, 
between  0342  and  0354  UT,  the  particle  instruments  on  the 
CRRES  satellite  observed  impulsive  bursts  of  >10  MeV  elec¬ 
trons,  protons  and  alphas  in  the  slot  region  (2.1<L<2.5)  near 
the  equator  at  0300  MLT.  The  origin  of  this  event  is  puzzling 
and  any  proposed  theory  must  explain  the  following  key  data: 

1)  the  narrow  longitude  spread  and  brief  interval  "of  injection 
inferred  from  the  short  5  s  pulse  width  of  the  electrons,  2)  the 
preferential  acceleration  of  high  energy  electrons,  protons  and 
alphas  of  MeV  energies,  3)  the  greater  injected  particle  energy 
at  lower  L,  4)  the  30  second  delay  between  proton  and  electron 
peaks,  and  5)  the  nearly  simultaneous  acceleration  of  particles 
with  a  sudden  commencement.  To  investigate  the  fi’-st  order 
physics,  a  simple  model  was  formulated  using  a  dipole  earth 
field  and  a  dynamic  magnetosphere  produced  by  an  approach¬ 
ing  image  dipole.  Using  the  100  gamma  increase  observed  on 
CRRES  over  a  40  s  interval  the  standoff  distance  drops  to  about 
3  Re.  Particles  initially  near  noon  at  3<L<10  are  transported 
below  3  Re  and  accelerated  (a  factor  of  about  10  for  7  Re  ini¬ 
tial  position)  by  adiabatic  compression  assuming  that  the  first 
invariant  is  conserved.  Because  of  the  compression,  the  con¬ 
stant  B  particle  drift  contours  are  shifted  sunward  so  that  the 
slot  region  has  momentary  direct  access  to  the  magnetosphere 
acceleration  region.  For  >10  MeV  particles  the  longitude  drift 
periods  are  short  (<3  min.)  allowing  the  particles  to  drift  ont 
of  the  compression  region  to  low  L  on  the  night  side.  After  the 
initial  magnetopause  compression  to  —  3  Re  it  appears  that 
the  standoff  distance  retreats  in  about  1  minute  to  somewhat 
larger  distances  so  that  the  >10  MeV  particles  injected  into 
the  slot  region  violate  the  third  invariant. 
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SATELLITE  INSTRUMENTATION  FOR  IMAGING  ENERGETIC  NEUTRAL 

ATOMS 

H.D.  Voss,  J.  Mobilia,  H.L.  Collin,  and  W.L.  Imhof 
Dept.  91-20,  Bldg.  255 
Lockheed  Palo  Alto  Research  Laboratory 
3251  Hanover  St 
Palo  Alto,  Ca.  94303 
Phone:  415-424-3299 
Fax::  415-424-3333 

We  wish  to  submit  this  abstract  to  the  conference  "Instrumentation  for 
Magnetospheric  Imagery  ”  (S.  Chakrabarti)  at  San  Diego  ’  92. 


Direct  measurements  of  energetic  neutral  atoms  (ENA)  and  ions  have  been  obtained 
with  the  cooled  solid  state  detectors  on  the  low  altitude  (220  km)  three-axis  stablized 
S81-1/SEEP  satellite  and  on  the  spinning  1.1  x  6  Re  CRRES  satellite.  During  magnetic 
storms  ENA  and  ion  precipitation  is  evident  tover  the  equatorial  region  from  the  LE 
spectrometer  in  the  SEEP  payload  (ONR  804)  on  S81-1  .  The  spinning  motion  of  the 
CRRES  satellite  allows  for  simple  mapping  of  the  magnetosphere  using  the  IMS-HI 
(ONR  307-8-3)  neutral  spectrometer.  This  spectrometer  covers  the  energy  range  from 
20  to  1000  keV  and  uses  a  7  kG  magnetic  field  to  screen  out  protons  less  titan  about 
50  MeV.  Recently,  an  advanced  spectrometer  (SEPS)  has  been  developed  to  image 
electrons,  ions,  and  neutrals  on  the  despun  platform  of  the  POLAR  satellite  (  ~1.8  x  9 
Re)  for  launch  in  1994  as  part  of  the  NASA  I5TP/GGS  program.  For  this  instrument 
a  256  element  solid  state  pixel  array  has  been  developed  that  interfaces  to  256 
amplifier  strings  using  a  custom  16  channel  microcircuit  chip.  In  addition,  this 
instrument  features  a  motor  controlled  iris  wheel  and  anticoincidence  electronics. 

H.  D.  Voss  received  his  B.S.  degree  in  Electrical  engineering  from  Illinois  Institute  of 
Technology  in  1972  and  M.S.  and  PhD.  degrees  in  space  physics  from  the  University 
of  Illinois,  Urbana  in  1974  and  1977,  respectively.  From  1977  to  1979  he  developed  10 
rocket  payloads  as  a  research  associate  at  U.  of  Illinois.  From  1979  to  present  he  has 
been  with  the  Lockheed  Palo  Alto  Research  Laboratory  where  he  has  been  directly 
involved  with  the  development  of  energetic  particle,  plasma.  X-ray,  optical,  and 
dust  instruments  for  satellites.  He  is  the  author  or  co-author  of  over  60  scientific 
papers  in  space  physics. 
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